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J P HILL 

DSc (LOND), ScD (DUBLIN), (BELFAST), F Z S , F R S 

A BIOGRAPHICAL SKETCH OP HIS CAREER AND AN 
APPRECIATION OF HIS WORK, TOGETHER IVITH 
'A BIBLIOGRAPHY OF HIS PUBLISHED WRITINGS 

James Peter Hill -was born m Kennoway, Fifeshire, on 21 Februarj^ 1873 His 
father %^as one of those great farmers i\ho made Scots agriculture the most 
productive and advanced m the world, the late Sir John Gilmour (Home 
Secretarj) told me that he was widelj’’ known as a judge of horses and as 
a man whose advice w as sought and accepted Hill w ent as a boy to the Royal 
High School m Edinburgh and passed on from there to the Royal College of 
Science m London, w here he w as a student of G B How es, w ho described the 
development of the skull of Sphenodon He then returned to the Umversitj>- 
of Edinburgh, where Cossor Ewart w'as Professor of Zoology 

In 1892 he was appointed a demonstrator m biology m the University of 
Sydney, and immediately began to collect and to make preparations of the 
marine animals to be found in great variety and abundance m Sydney Harbour 
These preparations, verj’' many of wluch still exist, show that Hill had alreadj’’ 
developed that superb technique which has always characterized him Here he 
soon found an Enteropneustan which he described in 1894 as Ptychodeia 
australiensis, subsequent!}'' publishing a ver}' detailed account illustrated by 
beautiful drawings of a further Ptychodera Fortunately, J P (as he was 
affectionately known to his colleagues and students in University College) 
became associated w ith J T IVilson, Professor of Anatomy, and with C J 
Martin, Demonstrator m Physiology, who were actively working m Sydney on 
the anatomy of the Jlonotremes, and wnth G Elliot Smith, then beginning that 
work which revolutionized our understanding of the morpholog}' of the brain 
Thus Hill turned to the study of vertebrates and, with Martin, described 
a flat embryo of Echidna, w'hich provided a link betneen sauropsidan and 
mammalian development A little later he showed that Peiameles possessed 
an allantoic placenta, and he thereby began an active discussion of the 
relationships of Marsupials This work, alone or in association with J T 
IVilson, has continued to the present day Sydney recognized Hill’s distinction 
m this field by appointing him Lecturer in Embr} ology m 1904, and m 1906 
he was appointed, m face of a ver} distinguished field of applicants, to the 
lodrell Chair of Zoolog} and Comparative Anatomy in University College, 
London Hill retained this post until in 1921, as part of the dei elopment of the 
Department of Anatomy m the College (made possible b\ the acceptance by 
the Rockefeller Trustees of a scheme designed by Elliot Smith), a Chair of 
Embr}olog\ and Histology was founded expresslv for him This was intended 
to be a research post, iin oh ing ^ er\ little teaching but Hill dei oted himself 
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with enthusiasm to the proper teaching of histology as A\ell as that of 
embryology Indeed he reached an entirely new standard in this respect, the 
preparations which were distributed to all students a\ ere of such quality that 
Boecke, the great Dutch neuro-histologist, once said to me that it as improper 
to give them to medical students, ‘never again m their life will they e\er sec 
such beautiful things’ This is most characteristic of Hill, he is the most 
conscientious of men, everything he does is done with the most meticulous 
accuracy, no one to my knowledge has ever collected, preserved and studied 
his materials ivith such precision And what collections they arc ^ In Austiaha 
Hill himself shot and dissected innumerable INIonotremes and Marsupials, 
going out to the forests and streams, often with Wilson and Elliot Smith He 
bred Dasypus m captivity and thus obtained materials on vhich many years 
later the reproductive cycle was worked out He collected Didelplnjs embryos 
and those of many other beasts in Brazil He built up great collections of cat 
and rabbit, of othei rodents and sparrows, and from his former students 
obtained the materials on which his great work on the placenta was based 
His quality is shown by his research students, he was the best trainer of 
such men I have ever met Each was given his problem and material, was 
shown hoAV to proceed, was visited every day and had his woik discussed with 
lum man to man Nothing must be put down without a full discussion of 
possibilities How often have I heard J P disputing whether a paiticular 
cell should be included m the neural plate of a flat embryo being graphically 
reconstructed, or not Then when the work was complete and wiittcn up the 
exact wording of each sentence had to be discussed to make certain that it 
was precise, unambiguous, and made all possible reservations And the 
illustrations, at first made with a 4H pencil on Bristol Boaid, with photographs 
as supporting evidence, received equally careful attention, becoming better us 
one of his own papers succeeded another until they reached the superii 
character of Hill’s most recent work So the work went on, very slowly it is 
true, but of splendid quality, very few men have produced so vast a mass of 
detailed descriptions containing so few errors of fact Reference to such a 
text-book as Bracket’s will show how large is the contribution made by Hill 
and his school to descriptive vertebrate embryology 

But Hill’s interests and knowledge extend far beyond embryology , he \vas 
the first zoologist to recognize the importance to morjihology of Robert Broom s 
palaeontological work, and introduced his results into undergraduate tcacliing 
long before an}'^ other zoological department, since the days of Lankester, paid 
any attention to fossils He became interested m the study of cytoplasmic 
inclusions and added Bronte Gatenby to his staff IIis undergraduate teaching 
w'as balanced and remarkable, invertebrates were dealt with as carefully and 
completely as vertebrates and general problems received due attention, liis 
old students recall with admiration the -wonderful dissections of Molluscs he 
made when demonstrating to senior students Embr>mlogy he taught as 
a ‘special subject’ m a degree course as a deliberate introduction to research 
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His course was full of detail, discussed with full reference to all the original 
literature, and it was effectn e and has no present day parallel Nearly all the 
men and women ^^llo took a zoology degree in the years before the 1914 ivar 
stayed on (despite the lack of research grants) and published work on 
embryology, a great testimony to the respect and affection he gained from them 

Hill’s influence has spread far beyond his own students and associates He 
IS known personally to all the serious embrjmlogists in the world and has done 
much to keep up an active friendship amongst them , and m our own country 
he has done much to bring about a better appreciation of the work of anatomists 
amongst zoologists, and vice versa We recognize in J P Hill not only a great 
master of embryology, but also one of those general zoologists of wide interests 
and encyclopaedic knowledge who are now so rare, and unreplaced And those 
who have the privilege of his friendship know in him a man of delightful and 
unique personality d m s w 

It may be asserted without danger of exaggeration that J P Hill has not only 
laid the foundations of our knowledge of the development of Monotremes and 
Marsupials, but that he has, by his own researches and those which he has 
stimulated others to undertake, erected thereon a lasting monument of exact 
knowledge which constitutes a contribution to science of permanent and 
inestimable value 

In a senes of papers extending over half a century he has unravelled the 
secrets of the development of the Platypus At the time when he began to 
study this material, knowledge was practically restricted to the facts that 
Monotremes were oviparous and that their eggs nere meroblastie With 
C J Martin, Hill described the structure of the embryo from the mtra-uterme 
egg, and shoved by comparison with Sauropsida and with higher Mammalia 
that a knowledge of the conditions in the Platypus are essential for the compre- 
hension of many features of vertebrate embryology With J T Wilson, Hill 
contributed a detailed account of the organogeny of the Platypus, with 
T Thomson Flynn he has studied and described in minute detail the processes 
of growth of the ovarian ovum, its maturation, fertihzation, cleavage, and the 
formation of the germ-layers, with J Bronte Gatenby he has described the 
formation of the corpus luteum and correlated its phases vith the periods of 
mtra-uterine development, of incubation, and of lactation which are passed 
through in the ontogeny of this remarkable animal While his daughter. 
Dr C J Hill, has studied the histology of the oviduct during gestation. Hill 
has described the structure of the egg-shell and shown hov , in early stages, its 
structure is such as to permit passage of fluid substanees from the uterine 
glands to the embryo, before the deposition of the impermeable protectne 
laj'er through v Inch pore-canals enable the respiratory exchange to take place 
during the period of incubation 

Hill’s contributions to marsupial embrjology haie been no less numerous 
and fundamental He demonstrated that parturition m Perameles takes place 
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through the median vaginal canal, and showed the morphological leladiions of 
this structure to the oviducts He discovered that Peiameles possesses an 
allantoic placenta a fact of fundamental importance in the phylogenetic 
history of the placenta And m Dasywiis he showed that the egg has a lajer 
of albumen and a shell-membrane, that it contains yolk which is detached as 
a yolk-body before the completion of the first cleavage-division, and that the 
eggs are produced in large numbers All these features are evidence of tlie 
primitive nature of the Marsupials and are relics of a former ancestial oviparous 
condition Hill is at present at work with de Beer on another similai feature 
vestiges of the egg-tooth papilla and associated structures in various Marsupials 
With E A Fraser, Hill investigated the organogeny of the thj’xoid, thymus, 
and epithelial bodies m Marsupials Turning to Placentals, Hill made, witli 
G S Sansom, a careful study of the mode of implantation of the blastocyst 
of Cavia, and showed that the so-called ‘inversion of the germ-la 3 ’^ers ’ is 
brought about by different means m different types With M Tribe, Hill 
described the earliest stages in the develoinnent of the cat, m winch they were 
successful in making out a cell-lineage as far as the 63-eell stage 

Early stages in the development of the human embrjm have been studied b 5 '^ 
Hill and J Florian, with particular attention to the head-process and 
prochordal plate Lastly, in his Croonian Lecture, HiU has traced the 
developmental lustory of the Primates as evidenced by the constitution of 
the blastocyst, the type of implantation, the oiigin and mode of formation of 
the mesoderm, the formation of the amnion, and the structure of the placenta, 
tlirough the lemuroid, tarsioid, pithecoid and anthropoid stages 

All anatomists and zoologists will eagerly await the publication of the ^\ork 
on the neural crests on which Hill is now engaged 

In addition to those whose names have already been mentioned as working 
with Hill, no account of his contribution to science would be complete without 
reference to those who, as his pupils or colleagues, have been stimulated b) 
him to undertake researches published under their own names These include 


D M S Watson 
K Parker 
R Ludford 
C H O’Donogiiue 
F Inge 
A SuBBA Rau 
K C Richardson 
P jMacGregor 
J Thornton Carter 
W N F Woodland 
A Girgis 
M Boyd 
E C Ajmoroso 


W Rowan 
F Thoma 
N Goormagiitigh 
N Kulchitsky 
W F Rogers Brambell 
R Assheton 
J H Ashworth 
F H Edgeworth 
J H WOODGER 
J Kirk 

H H WOOLLARD 
H A Harris 
W E Le Gros Clark 


E Fawcett 
R H Burne 
R Deansley 
W F Batty GiiirnTii 
H B Fanthaji 
E T Browne 
D Simmons 
W J Dakin 
U Fielding 
G POPA 
A A Tarkhan 
y H Aasar 
F P Reagan 

G R nrB 


The photograph is by jMr F J Pittock, F R P S , Department of Anntom\ 
and Embryology, University College, London 
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THE SYNOVIAL JOINTS OE THE SKATE {RAIA) 

By D V DAVIES, Anatomy School, U7iivers2ty of Cambridge 

Bland Sutton (1903) classifies loose bodies in jomts as (o) physiological, and 
(h) pathological Of the former he states, ‘ A good physiological type of loose 
cartilagmous bodies nhich infests joints is furnished by the temporo-mandi- 
bular joint of the skate A recess communicating \Mth the articular cavity 
usually contains a collection of smooth cartilaginous bodies in contour and 
size like melon seeds ’ Interest in both these categories of loose bodies has 
stimulated investigation of this statement No other reference to them in the 
skate nor to a physiologieal type of loose body in any other animal has been 
found in the literature 

All the large synovial joints in the skate have been examined, but only the 
jaw joint contains loose bodies The joints described here are 

(a) palatoquadrate-mandibular, 

(b) occipito-vertebral, 

(c) thos'e at the base of the pectoral fin, between the pro-, meso- and 
metapterygia and the pectoral girdle, 

(d) basal joints of the pelvic fin, i e of the propterygium (anterior basal 
cartilage) with the basipterj'gium and -mth the pelvic girdle 

The only synovial joint related to the Ja^^s is that between the palato- 
pterygo-quadrate bar and the mandibidar (Meckelian) cartilages It is assumed 
that this IS the temporo-mandibular joint referred to by Bland Sutton These 
jaw cartilages are suspended from the skull by a particularly well-developed 
hyomandibular cartilage which articulates with the cartilaginous elements at 
its two extremities by dense fibrous joints (syndesmoses) The hjmmandibular 
cartilage forms the sole suspension of the jaws and allows their protrusion to 
seize food The joint between the palato-pterygo quadrate bar and the mandi- 
bular cartilage Avill be referred to as the mandibular joint and the palato- 
pterygo-quadrate bar wall be called the palatoquadrate for brevity 

MATERIAL AND METHODS 

In all forty skates have been examined Though mainly adult or approaching 
adult dimensions, a few smaller specimens have been included The latter have 
proved much more difficult to procure The specimens, listed in Table 1, 
represent eight of the tw enty-two species of skate The majority w ere examined 
fresh, a few after fixation in formalin Sections of the various tissues from the 
joints w ere exammed histologicallj after fixation in formalin and staining w ith 
haeniatoxj'hn and eosin The loose bodies reco^ ered were measured m ph's Bio- 
logical saline using a micrometer eyepiece 
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OBSERVATIONS 
(a) The mamhbulai joint 

This joint IS peihaps best described as a double ball and socket joint (PI 1 
2) The larger part of the articulation is situated laterally and consists 
of the ball-shaped posterior and lateral extremity of the palatoquadiatc, 
forming a little less than half a sphere, fitting snugly into a slight socket at 
the lateral end of the mandibular cartilage, forming roughly a third of a spheic 
Posterior to the socket on the mandible is tiie fibious hyomandibular joint 
Anterior to this and postero-lateral to the socket is a depression giving attach- 
ment to a very strong lateral ligament connecting the mandible to the neck of 
the palatoquadrate A small fossa on the lateral side of this neck receives the 
anterior attachment of this ligament On the mandible the fossa for the 
ligament encroaches on the articular cavity, making its run deficient heic as 
in the acetabular notch on the mammalian hip bone There is a small non- 
aiticular ligamentous area within the lateral part of the socket 

On the antero-medial side of the mam joint is a second smallei joint con- 
tinuous with it This again is of the ball and socket variety, but the ball-shaped 
portion on the mandible is less than a third of a sphere and fits into a shallow or 
socket on the palatoquadrate This second joint is placed medial and anterior 
to the mam part of the joint so that its socket lies on tlie medial side of the 
neck of the palatoquadrate, the two jiortions of the joint being continuous 
along the medial side of this neck, most of which is covered with articular 
cartilage Posterior to the lesser portion of the joint and tovard the dorsal 
side of the mandible is a small tubercle giving attachment to a strong ligament 
which runs forwards on the medial side of the joint to be attached to the 
palatoquadrate along an area extending from the articular margin medially 
to the teeth Similarly, arising from a tubercle on the dorsal side of, and just 
an tenor to, the socket on the palatoquadrate is another ligament which passes 
posteriorly and medially, crossing the first ligament m cruciate fashion on its 
dorsal side Posteriorly it fans out on to the anterior margin of the mandible 
from the jomt to the teeth The capsule of the joint is thus strengthened 
medially and laterally by these ligaments, below and, more particularly, above 
the capsule is lax, forming m these situations two pouches communicating 
freely with the joint cavity 

On opening the joint the synovial membrane presents little of interest apart 
from the presence m all species of a small number of rather large club-shaped 
vilh projecting into the cavity (PI 2, figs 11, 12) Histologically tliey are similar 
m structure to the s 3 movial membrane lining the joint, and arc vascular Tlie 
construction of the joint surfaces, the arrangement of the ligaments and the 
appearance of the synovial membrane are similar m all species 

Of the eight species examined the loose bodies desciibed bj' Bland Sutton 
are found m three onlj’^, namely montagm •y.nd Ji ctsleiias In 

these the loose bodies are constantlj’^ present and conversely in the remaining 
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five species tliey are alvays absent (Table 1) This species distribution and the 
fact that the joint structures shov no other ob\ lous species differences suggests 
that the loose bodies are physiological and not pathological They are in the 
mam distributed in the looser pockets placed dorsally and ventrally, particularly 
in the former vhere they he behind the neck of the palatoquadrate cartilage, 
between this and the capsule, which is here attached some distance from the 
articular margin These pockets are merely formed by laxity of the capsule 
and sjmovial membrane and Bland Sutton’s description of ‘a recess com- 
municating with the articular cavity’ comeys an erroneous impression m so 
far as it implies a single recess A few loose bodies, how ever, are found scattered 
elsewhere m the joint at random and are frequently seen between the articular 
surfaces They occur m the last-named position in fish which have been fixed 
whole bj"^ immersion m formalin and m those stored m the refrigerator and 
examined before thaw mg is complete 


Table 1 


Species 
Sata claiala 
JR balls 
R radtala 
R circularis 
R monlagui 
R asterias 
R naevus 
R fullontca 


No examined 

18 

3 

6 

2 

6 

3 

3 

1 


Loose bodies 
Present 
Absent 
Absent 
Absent 
Present 
Present 
Absent 
Absent 


In fish of comparable size the loose bodies in R clavata are very much larger 
than in either of the other species and have an average diameter in the adult 
ofabout2 0mm (PI 1, figs 3 and 5) On the other hand, the adult i? montagui 
possesses much smaller bodies, under 1 0 mm in diameter, and i? asterias 
possesses bodies of an intermediate size The species could be identified in the 
adult with fair certainty merely from the dimensions of the loose bodies 
Graphs 1 and 2 illustrate the differences in size distribution m R clavata and 
R montagin 

It IS difficult to draw many conclusions from this senes regardmg variations 
111 the number of loose bodies It appears, how ever, that the average number 
m R montagui is considerably higher than m either of the other species, but 
it IS similar m R clavata and R astcnas so that the number m any given species 
does not bear a constant relation to the size of the loose bodies (Table 2) There 
IS a great variation in the number of loose bodies w ithm the species even for 
fish of comparable size and there is no clear evidence that the number of loose 
bodies varies m any regular manner with age This is best seen from Table 2 
where the fish are arranged approximately m order of size The number of 
loose bodies may differ appreciablj, to the extent of 100% or more, m the 
right and left joints of the same specimen There is, how ei er, a clear correlation 
bctw een the size of the fish and the size of the loose bodies contamed m its joints 
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The range in size of loose bodies obtained from any one joint has proved 
mteresting This can only be satisfactorilj’’ studied in the case of the easily 
obtamed R clavata An idea of the uniformity of the size distribution m the 
remaining species is obtamed from Graph 1, and Table 3 for R montagm This 
type of graph adequately represents the size distribution in all the R montagia 



Graph 1 to show size distribution of loose bodies m R montagia No 2G 
Continuous line = right joint, interrupted lino = left joint 



Average diameter in mm 

Graph 2 to show size distribution of loose bodies in E claiala No GG 
Contmuous Ime = right joint, mterrupted line = left joint 


The synomal joints oj the skate (Raia) 
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Table 2 

n claiala Adult Total length 85 0 cm Width of diao 61 0 cm 
(Blegaud, Fame tchlhyologique de I’Atlantique Nord) 





Inter 


No 

of loose bodies 



Total length 

Width of orbital least I/ength of 

f 

A 

1 

Cat no 

(cm) 

disc (cm ) width (cm 

) snout (cm ) 

Bight 

Left Average 

2 

27 5 

18 0 

10 

35 

101 

79 

90 

36 

62 5 

56 0 

30 

87 

111 

87 

99 

28 

62 0 

45 5 

32 

77 

146 

164 

155 

14 



— 

32 

85 

86 

76 

80 5 

29 

67 0 

48 0 

33 

82 

164 

206 

190 

26 

72 0 

— . 

34 

86 

66 

96 

81 

1 

72 5 

46 0 

— 

— 

62 

60 

66 

34 



— 

3 8 

95 

119 

134 

126 5 

35 



— 

39 

93 

73 

83 

78 

16 

— 

— 

40 

10 0 

98 

97 

97 6 

32 

— 

— 

4 1 

10 0 

81 

76 

78 

33 

— 

— 

43 

10 2 

95 

47 

71 

6 

— 

— 

45 

11 7 

217 

176 

196 

15 

— 

— 

4 6 

11 1 

121 

132 

126 6 

25 

86 0 

— 

46 

114 

77 

96 

86 6 

31 

— 

— 

50 

11 4 

141 

161 

161 

22 

92 5 

68 0 

52 

11 5 

223 

278 

250 6 

30 

— 

— 

59 

13 2 

107 

146 

126 5 


S moniagm {R macidala) 

Adult Total length 74 5 

cm Width of disc 61 6 cm 
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— 

23 

7 1 

225 

111 

168 

13 

— 

— 

23 

75 

— 

264 

254 

11 

— 

— 

30 

90 

265 

— 

265 

24 

63 

42 

28 

80 

286 

184 

235 

26 

66 3 

43 9 

28 

88 

304 

264 

284 


R astenas Adult 

Total length 45 0 cm Width of disc 30 0 cm 


21 

36 0 

245 

1 4 

45 

130 

34 

82 

17 

420 

29 5 

20 

51 

119 

121 

120 

18 

420 

30 0 

20 

68 

187 

207 

197 

20 

52 0 

35 0 

22 

67 

— 

87 

87 


Table 3 Size distribution of loose bodies 
F montagut No 26 


Right 

a 


Left 

A 


Average diameter 

1 

Average diameter 

\ 

(mm ) 

% 

(mm ) 

% 

03 

6 

02 

2 

04 

3 

03 

4 

05 

26 

04 

6 

06 

26 

05 

11 

07 

23 

06 

31 

08 

9 

07 

33 

09 

2 

08 

7 

10 

2 

09 

4 

1 1 

4 

10 

1 

— 

— 

1 1 

0 

— 

— 

1 2 

1 
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and E a^tenas studied In E davata, however, though the maJorlt^ ha\e 
a similar size distribution curve, a certain number of the larger spceimcns 
show the two peaked curve (Graph 2, Table 4) best marked in the case of the 
right palatoquadrate mandibular joint In these the majority of the loose 
bodies are large, but there is also an appreciable number of smaller bodies 
(PI 1, fig 6) Co-existing with this, in many of these larger E dnvaia as veil 
as in one E montagm, there are loose bodies of a shape not unlike the budding 
yeast cell, a larger parent cell with a smaller rounded projecting daughter cell 
connected with the main mass by a stalk of variable thickness The significance 
of the smaller loose bodies and of this appearance will be discussed later This 
appearance could not be produced artificially by pricking or incising the loose 
bodies 

Table 4 Size dtsb ibution of loose bodies 
E clatalaNo 33 


Average diameter 

Midpoints of class 

Absolute no 


(mm ) 

intervals 

Right 

O/ 

/o 

01-0 5 

03 

13 

13 7 

0 6-10 

08 

23 

24 2 

11-1 5 

13 

7 

74 

16-2 0 

18 

16 

16 8 

21-2 5 

23 

35 

36 8 

2 6-3 0 

■ 28 

— 

— 

31-3 5 

33 



— 

3 6-4 0 

38 

1 

Total 96 

Left 

10 

99 9 

01-0 6 

03 

0 

0 

0 6-10 

08 

2 

43 

1 1-15 

13 

1 

2 1 

16-2 0 

18 

2 

43 

21-2 5 

23 

21 

44 7 

2 6-3 0 

28 

18 

38 3 

31-3 6 

33 

3 

Total 47 

64 

1001 


When examined fresh in saline the majority of loose bodies arc ovoid but 
flattened in one trans\ erse plane (PI 1, fig 3) Those of i? davata and E asteuas 
are generally uniform in shape, though occasional rounded or much elongated 
specimens are seen These latter are more frequent in E viontagin When 
examined after fixation in situ either by formalin or freezing, the majority of 
the loose bodies are four-sided pyramids due to mutual compression , some arc 
oval discs (PI 1, fig 4) These latter are found between the articulating 
surfaces and form good evidence that these bodies do penetrate betiv een these 
surfaces during life When floated in saline and particularly vhen unfixed, the 
loose bodies, mainly due to their shape, settle quickly and pack very easily 
and closely on the bottom of the containing vessel 

The physical characters of the loose bodies aic best described as liard but 
elastic When placed betueen tvo glass slides they slip with ease and generally 
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escape It is difficult to squash them and to make a smear of their constituent 
tissue One smear is shorni in PI 2, fig 10 

On section (PI 2, figs 7-9) the loose bodies from all species consist of h\mg 
cells ivith a large quantity' of fibrillar intercellular substance In the central 
part of the loose body this latter is more compact and stams more denselj 
ivith eosm In its superficial part the ground substance is less e^■ldent The 
surface itself is more condensed and smooth and contains few cells The central 
part of the ground substance shows an arrangement m concentric spheres or 
lamellae, this is not seen in the superficial layer The cells are relatively few 
In the central part thej are mostly ovoid in shape with a darkly staming 
nucleus and many cells are surrounded bj' a clear area separatmg them from 
the surrounding ground substance In the superficial part of the loose body 
the cells are slightly larger, uregular and pro\nded with long fibrils which 
pass out into the ground substance and towards the surface, the majontj' of 
the fibnls bemg orientated perpendicular to the surface, as are the parent cells 
A few cells occur on the surface but no fibriUar prolongations can be traced 
from them Though superficially the tissue resembles cartilage, particularly 
in its central portion, it is so unlike the other cartilages of the skate that Bland 
Sutton cannot be right wlien he maintains that it is cartilage, it must be 
considered as fibrous tissue in its entirety, the central portion bemg condensed 
and possibly not actively growing, whilst the superficial layer is looser and 
m active growth Where so-called budding is seen the loose body shows a 
central condensed nucleus for the larger or parent portion and a second mde- 
pendent condensed centre in the daughter mass (PI 2, fig 8) This suggests 
true budding, the only other possibility being malformation of loose bodies 
in the first place There is nothmg to support this latter \aew nor is there 
anything to suggest that tius is a degenerati\e change, such loose bodies 
presenting no other feature to distinguish them from the more usual type 
Nor IS there any evidence that small loose bodies have arisen bj a degenerative 
change in larger ones Both types present a similar structure 

SjTiovial fluid occurs m the mandibular jomt in moderate amount both in 
the absence and presence of loose bodies It is clear, colourless and viscid 
In amount it compares favourably with that seen in the basal pelvic fin joints 
and IS more abundant here than in either the occipito-vertebral or pectoral 
fin joints 

(6) The occipito-vertebral joint 

The joint between skull and vertebral column is bilateral and surrounded 
by an extremely strong and tense fibrous capsule The joint surfaces are almost 
flat and he \erticallj' The jomt caMtj is narrow and dinded into two by 
a complete fibro cartilaginous disc This disc is i erj' thin centrallj but thickens 
slightly at the penpherj (PI 3, fig 13) It consists of -vertically arranged 
bundles of fibrous tissue and shows on section a tendencv to split in this 
direction (PI 3, fig 14) The cartilage cells are verj' few and scattered in the 
central portion but more numerous and arranged m acrtical rows at the 
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periphery Like the so-called fibrocartilages m the mammals its peripheral 
portions only are vascularized A mmimal amount of synovial fluid moistens 
the articular surfaces Unlike all other specimens examined, one R montagm 
shows central perforation of both discs This is probably a variation, similar 
variations are well knoivn in man 

(c) Joints of the jjectoial fin 

The joints at the base of the pectoral fin between the pro-, meso- and 
inetapterygia and the pectoral girdle are all shallow ball and socket types of 
synovial joint, the socket being placed in each case on the lateral element 
The joint between the mesopterygium and the girdle is the largest and is 
placed some cm closer to the median plane than the joints on either side 
of it The jomts between the pro- and metapterygia are approximately equal 
in size Each joint contains just enough synovial fluid to moisten the articular 
surfaces The capsular ligaments are short and thick so that the fit between 
the elements of the joint is a very close one The synovial membrane is small 
in extent and relatively smooth showing no vilh or folds as m the pelvic 
fin joints 

(d) Joints of the pelvic fin 

The joint between the basipterygium and the pelvic girdle is similar to the 
basal joints of the pectoral girdle 

The joint between the projiterygium and the girdle presents several interesting 
features Of the two surfaces, that on the pehne gndle forms a narrow arc, 
convex in all directions and about a quarter of a circle in extent (PI 3, fig 15) 
On the propterygium the articular surface forms a curved trough, the long 
axis of which makes an aic of about one-sixth of a circle This articular surface 
IS concave in all diiections Thus the joint surfaces here are quite unusual 
This type of joint allows very free range of movement in the direction of its 
lo ng axis and an appreciable range m a plane at right angles to this 

The capsule of this joint is relatively thin and lax The interior of the joint 
shows a curious cobweb-like reticulum occupying all the recesses of the joint 
and best develojied in the gutters on the medial and lateral side (PI 3, fig 16) 
Attached to the reticulum are numerous irregularly scattered ivliite nodules 
On section the reticulum is seen to arise from the synovial membrane and 
consists of very fine strands, both cellular and acellular, running across the 
recesses and projecting freely into the joint (PI 3, fig 17) The white nodules 
on the reticulum consist of masses of connective tissue cells (PI 3, fig 18) 
No blood vessels are seen either on the reticulum or the attached nodules In 
addition to the above, club-shaped vilh, such as those in the mandibular joint, 
are frequently seen arising from the synovial membrane 
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DISCUSSION 

The unique feature in the synovial joints examined is the presence of loose 
bodies in the mandibular joint, as prenously noted by Bland Sutton There 
is little to suggest that these are pathological Their constancj in certain 
species at all ages and their absence in others negatne such a suggestion 
Furthermore, the other joint structures are similar in all species irrespectn e 
of the presenee of loose bodies and neither cartilage nor sjmovial membrane 
show anj^ pathologieal change 

Their function is, hon ever, perplexing The first and most obvious suggestion 
IS that they aet as ball bearings These latter have two distinct actions 
(n) they com ert sliding friction to rolling friction w hich as a rule is much the 
less, thus they dimmish the friction between the joint surfaces in movement, 
and {b) they dimmish the starting friction under a load In a sliding joint the 
lubricant is squeezed out w hen restmg In the mammals the conditions and 
nature of the sjmovial fluid on the whole makes such squeezing out unlikely 

As already noted, syno^ual fluid is present in appreciable quantity in the 
mandibular joint The shape of the loose bodies (oioid) and their relative 
softness are not in fa^ our of any action such as that described in [a) They are 
sufficiently soft to be readily deformed and flattened w'hen interposed between 
the articular surfaces From a comparison with other ammals it does not seem 
that the second function of ball beanngs descnbed above is performed by 
these bodies In the absence of any method of packing these loose bodies and 
of maintaining their relative positions, such as m a ball race, it is difficult to 
see how they can act as efficient ball bearings 

The function of filling dead space -mthin the joint cavity m its different 
positions and movements seems more likely These bodies glide on one another 
and on other surfaces wuth great ease They are elastic and easily distorted 
Wien floated in fluid they quickly collect at the bottom of the receptacle and 
in so doing pack neatlj'' and closelj’^ on account of their shape and shpperiness 
In some of the larger R clavata examined the loose bodies from one joint, when 
packed in this manner, occupy a volume of as much as 1 c c In the largest 
R montagm, however, their total volume is only a fraction of tins, and they 
are more like sand than ball beanngs From an examination of the joint 
surfaces it seems improbable that both the large and small portions of the 
joint surface remain in cojitact m the extremes of movement It seems likelj"^ 
that one or other gets removed from its tw in surface, in w Inch case the loose 
bodies might fill the a oid, and, on account of their shpperiness and shape, be 
readily squeezed out again when the surfaces re engage The only difficultj 
in accepting this explanation is that the mechanical conditions at the articulating 
surfaces are the same in all species, but loose bodies arc present m onlv a few 
Those without loose bodies present no obvious compensatory mechanism The 
fact that the loose bodies grow w ith their host w ould agree w ith this tj’’pe of 
function as the joints and tlicir aolume must also grow proportionately 
Anatomy 82 2 
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However, the movements at the joint surfaces m tlie living fish will have to 
be observed before such a view can be substantiated In anj case if this nere 
the sole function it would appear that the disadvantages of such a mechanical 
arrangement would far outweigh the advantages 

There is nothing to suggest that the loose bodies are derived from the 
detritus cast into the joint during the wear and tear of movement, nor that 
they are in any way involved m the removal of such detritus In the pi esent 
state of our knowledge of the origin of the synovial fluid it vould be unvisc 
to exclude a function associated with tins for the loose bodies 

In the larger skates the presence of some verj’^ small loose bodies associated 
with many large ones suggests degeneration, failure of gro^\th or production 
of new loose bodies There is no evidence that these are degenerate, nor is 
there anything in then structure to suggest a failure or retardation of growth 
If the synovial fluid or synovial membrane from which these bodies must 
ultimately derive all their nourishment were insufficient to provide for then 
maintenance or growth, it would be difficult to believe that the incidence of 
this impoverishment would fall entirely on a few bodies to the exclusion of 
others The occasional co-existence of large and small loose bodies suggests 
that the latter may be derived by active ‘ division ’ in response to a stimulus 
in tins manner The origin of crops of loose bodies from the synovial membrane 
in adult life is a possibility, but on section nothing is seen in adult membrane 
to suggest this view The initial source of all these bodies m the young skate 
must be the synovial membrane or the mesenchyme occupying the site of the 
future joint cavity at the time of cavitation to form a synovial joint It might 
even be that the cobweb-hke reticulum in the propterygium-pelvic giidlc joint 
is an arrest in an earlier stage of the process and that the future loose bodies 
are represented by the nodules 

In the anterioi pelvic joint the reticulum undoubtedly represents <i failure 
of complete cavitation or rather an extension of cavitation m an incomplete 
state to the tissues around the original joint The type of joint here favours 
a very wide excursion of the pelvic fin in one direction and such loose tissue 
around the joint would be of great advantage In addition this rcticuluin 
would facilitate the passage of substances in and out of the joint and ounig 
to its irregular cobweb nature would help to keep the more central part of the 
joint clear of detritus even though devoid of living cells m many places 

Articular discs have been described previously in fish by Sullivan ( 1022 ) 
and Petersen ( 1914 ) and it would seem that if more were known of their 
distribution their incidence might be found to be higher m fish than in inamnials 
The disc in the occipito-vertebral joint of the skate is biconcave though not 
markedly so This, placed in an almost plane-gliding joint, supports the s icw 
that it acts as a Michel pad as suggested by MacConaill ( 1932 ) In an animal 
whose skeleton is mainly uncalcified and partly calcified cartilage it docs not 
seem likely that such thin intra-articular discs have a shock-absorbing function, 
nor do they compensate for any incongruities in the joint surfaces 



The synovial joints of the skate (Raia) 


19 


SUMMARY 

1 The larger synovial ]omts of the skate {Raia) are described 

2 Notable features are the presence of loose fibrous bodies in the jaw joint, 
a fibrocartilaginous disc in the occipito-vertebral joint and a reticulum 
occupying the recesses of the propterygium-pelvic girdle joint 

3 The distribution, characters, nature and function of the loose bodies and 
other intra-articular structures are discussed 

The author is indebted to Prof H A Harris for his help and encouragement 
throughout this nork He nishes to thank Mr E A King for teehnical 
assistance, Mr J A F Fozzard for the photography and Mrs R Davies for 
help V ith the preparation of the manuscript 
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EXPLANATION OF PLATES 
Plate 1 

Fig 1 Articular end of Meckel’s cartilage of the loft Bide from JJ clorota No 15 The wide socket, 
A, receives the head of the palatoquadrato cartilage Postero lateral to this is a ligamentous 
area, B, for the lateral palatoquadrato mandibular hgament This area is hmited on its lateral 
side by a lip of cartilage Antero medial to tbe mam socket is a rounded area, C, articulating 
i\ ith the neck of the palatoquadrato cartilage x 2 
Fig 2 Postenor end of the left palatoquadrato cartilage from E claiata No 15 showmg the 
rounded head for articulation uith the socket on the mandibular cartilage Below the head 
IS the shallow socket for the smaller and subsidiary portion of the palatoquadrato mandibular 
joint X 2 

Fig 3 A random sample of the loose bodies from the left jaw jomt of i? claiata No 6 before 
fixation X 3 

Fig 4 A random sample of the loose bodies from the right jaw joint of R clavala No 6 after 
fixation in formalin The p3iramidal shape of the bodies is u ell seen x3 
Fig 6 A random sample of the loose bodies from B monlagui No 12 for companson with those 
of B claiata x 3 

1' ig 6 A selection of loose bodies from B claiala No 25 showing the range of sizes present and 
buddmg’ of loose bodies x 3 

Plate 2 

Fig 7 Section of a largo loose body from R clavala No 25 The large fissure is an artifact 
Stained Mith haematoxilin and cosm x224 

Fig 8 Section of a loose body from R claiata No 25 showing budding Stamed with haema 
toxjlin and cosm x43 

I'lg 9 High power new of a portion of the large loose body shown in Fig 7 Stained with 
hacmatoxj Im and cosm x 98 

Pig 10 A smear made bj squashing a loose body from R claiala between two glass shdes 
Fixed wet watli Bourn s fluid and stained with iron haemntoxylin x 280 
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Fig H Head and neck of pterygoquadrate cartilage from R daiata No 14 showing the club 
shaped viUi 

Fig 12 Sections of the club shaped nlli from the synovial meiubrane of if claiala No 14 x 45 

Plate 3 

Fig 13 Intra articular disc from the occipito vertebral joint of an adult if claiala x 3 
Fig 14 Section of the mtra articular disc from the occipito \ortobral joint of if claiala xll2 
Fig 15 Jomt surface on the pelvic girdle for the propterjgium From if clavala'No 26 Vicued 
from belon x 3 

Fig 16 Portion of the jomt surface from the proptcrygium pelvic girdle jomt of if claiala No 25 
showmg the woolly reticulum and the associated nodules which fiU the recesses of the joint x 3 
Fig 17 Section of the vilh and reticulum in the recesses of the pelvic girdle proptci^ gium joint 
m if claiala No 25 Stamed with haemato\ylm and eosm x570 
Fig 18 Section of a recess of the propterygiiim pelvic fin joint of if claiala shoving the more 
cellular nodules m the reticulum The pelvic girdle is on the loft side of the photograph 
Stamed with haematoxyhn and eosm x 224 


/ 
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THE CHANGES OCCURRING IN THE OVARY OF THE 
GOAT DURING THE ESTROUS CYCLE AND IN EARLY 

PREGNANCY 

By R J HARRISON, Anatomy Department, Glasgow University 
INTRODUCTION 

During the last forty years many papers have been VTitten on the changes 
occurring in the ovaries of the common domestic ungulates Yet there is still 
a gap in our knowledge of the histological changes that occur in the ovar}" of 
the goat Corner (1915, 1919 and 1921) and Solomons & Gatenby (1924) have 
described the changes that occur in the o^arj'^ of the sow, whilst Marshall 
(1904), Grant (1934) and Warbritton (1934) cover certain aspects of these 
changes in the ovary of the sheep The details of some of the changes occurring 
in the ovary of the cow have been described by McNutt (1924) and all the 
available literature ivas summarized by Hammond (1927) The histological 
changes occurring in the ovary of the mare and the pony have been the subject 
of recent papers by Hammond & Wodzicki (1941) and Harrison (1946) Kupfer 
(1928) has given a description of the macroscopic appearances of 20 Boer and 
20 Angora goat ovaries from South Africa, but no histological details are 
presented The following work was therefore undertaken to investigate ovo- 
genesis, follicular development and atresia, and the development and fate of 
the corpus luteum in the ovary of the goat 

MATERIALS AND METHODS 

The ovaries on which this report is based can be dmded into four groups 
first, the ovaries of twenty-three animals (Table 1) killed a knoivn time after 
the onset of estrus, secondlj'', those of 6 goats killed a known time after mating 
during the first 7 days of pregnancy, thirdly, those of 12 goats kiUed a known 
time after mating during the 20th to the 60th day of pregnancy, fourthly, those 
obtained from 10 goats killed in local slaughterhouses The ages of the corpora 
lutea and details of the stage of development of the eggs and embryos recovered 
from the pregnant animals are given in Table 2 The ovaries of the first five 
animals in Table 2 were recovered from the animals used by Amoroso, Griffiths 
<L Hamilton (1942) and were made available for this report through the kind- 
ness of these authors The age, stage and location of the eggs recovered from 
these five animals are fully described m their paper 
The onset of estrus was determined by the observation of the mutual 
behaviour of the nanny and the billy (Amoroso, Griffiths Hamilton, 1942) 
Estrus was dated from the time the female would ‘stand’ and allow the male 
to mount to the time of last acceptance of the male In the case of the non- 
pregnant series when a particular female was found to associate freeh w ith the 
male she was removed from the floek and suitable precautions were taken to 
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Table 1 Non-piegnant goats 


Animal no 

Day of cycle 
killed 

Approximate age of 
coipus luteum 

14 

1st 

ICiIIed 12 hr after 

18 

1st 

onset of full heat 
Had not onilated 
Killed 24 hr after 

28 

2nd 

onset of full heat 
Had not ovulated 
6-12 hr 

40 

2nd 

12-18 hr 

13 

2nd 

12-18 hr 

26 

3rd 

18-24 hr 

31 

3rd 

24-30 hr 

8 

3rd 

36-42 hr 

39 

4th 

60-72 hr 

25 

6th 

4-6 days 

37 

6th 

4-5 days 

15 

9th 

7-8 days 

36 

9th 

7-8 days 

41 

10th 

8-9 days 

30 

12th 

10-11 days 

38 

12th 

10-11 days 

32 

'13th 

11-12 days 

27 

16th 

14-16 days 

33 

17th 

16-16 days 

35 

19th 

17-18 days 

42 

19th 

17-18 days 

34 

20th 

18-19 days 

24 

21st 

19-20 days 


Table 2 Pregnant goats 


Animal no 

Time smce matmg 

Remarks 

4 

30i hr 

Egg located in the tube 
First cleavage spmdle 

1 

48 hr 

Egg located m the tube 
Second cleavage spindle 

6 

60 hr 

Egg located in the tube 
Four cell stage 

2 

86 hr 

Egg located in the tube 
Eight cell stage 

7 

120 hr 

Eggs located in the uterus 
and tube utenno junction 
Thirty two coll stage 

6 

7 days 

Blastocyst present in the 
uterus 

12 

20 days 

7 mm embryo 

11 

29 days 

13 mm embryo 

16 

33 days 

18 and 20 mm embryos 

17 

'37 days 

26 mm embrjo 

23 

38 days 

27 and 28 mm embryos 

22 

39 dajs 

25 mm embryo 

9 

40 days 

31 mm cmbiyo 

21 

42 days 

33 and 34 mm embrjos 

20 

44 days 

35 and 36 mm cmbi^ os 

19 

46 days 

45 and 45 mm embryos 

10 

55 dajs 

70 mm embryo 

3 

60 days 

82 mm embrjo 
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prevent mating Since o\Tilation is said to occur towards the end of heat, the 
animals used in the pregnant series were served as late in heat as was possible 
and killed at the times necessary for recovering eggs of the desired age 

Asdell (1929) states that the duration of estrus in the goat is from 48 to 
72 lir , Poloceva <L Fomenko (quoted by Asdell, 1946) gi-ve the duration of 
estrus as 39 2 + 1 9 hr , with a spread from 1 to 4 days In the first series 14 of 
the 23 goats w ere under obser\ ation for three or more consecutii e cycles before 
being killed, and in these the duration of estrus w as from 36 to 48 hr O^mlatlon 
had occurred by the 40th hr after the onset of heat m four animals of the series, 
but not by the 24th hr in two ammals (see Table 1) Thus if o^^llatlon is 
assumed to lia-v e occurred 30-36 hr after the onset of heat, and the age of the 
corpus luteum timed from that point, the error in timmg is probablj^ wathm 
+ 12 hr This error also allow s for the few hours’ inaccuracy in the determina- 
tion of the onset of heat E\ammation of the recently ruptured foUicles and 
of the early corpora lutea of all the animals used shows that ovulation 
IS spontaneous from all mature follicles, agreeing with the statement of 
Drummond-Robinson <!L Asdell (1926) 

The goats were obtained from Northern Ireland, and locally from round 
Glasgow, during the years 1933 to 1947, their breed was mdeterminate 
Immediately after killing the manes were cut in half and fived in 12% 
formalin, Zenker-formol, Bourn’s or Susa’s fluid Half of the ovaries in the 
first series were sectioned serially, and representatn e sections were made of 
the remainder The sections were variously stained wnth Harris’s or Heiden- 
ham’s haematoxylm, eosin or \an Gieson’s stain, and with Mallory’s triple 
stain Occasional sections were stained with Robb Smith’s modification 
of Foot’s method, and with osmic acid Im estigations were also made for 
luteohpin by the methods described by Rossman (1942) 

THE OVARY 

The ovary is bean-shaped in form, and varies from 2 to 3 cm in length, 1 to 

2 cm in depth and J to 1 cm in thickness The w eight varies from 1 1 to 

3 0 g The ampulla of the m iduct hangs ov er the lateral and posterior aspect 
of the ovary, and in many of the specimens examined, especially those killed 
during estrus and earh metestrum, one fimbria was securely attached to the 
tunica albuginea opposite the hilum of the ovarj" and close to the impending 
point of rupture of the mature follicle The medulla and hilum of the ovary 
are composed of dense, highly vascular, fibrous tissue The cortical layer is 
thin, co^erlng the medulla, except at the hilum The cortex contains the 
oocytes, egg nests and the primordial follicles As the follicles develop thej 
sink down into the medulla The interstitial tissue is w anting, as m the other 
ungulates Under the germinal epithelium is the tough tunica albuginea, w luch 
giv es the surface of the ovury a smooth appearance This structure seems to 
prev ent much protrusion of ripe follicles, and herniation of the corpus luteum 
was only found in a few of the early specimens The follicles appear to rupture 
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at any point, except where the ovar}^ is attached to the broad ligament, and 
there is no o\mlation fossa or groove as is found in the mare In the o^a^les 
under discussion ovulation occurred mainly at the poles of the o\arY, up to 
three follicles rupturing on one side There was no e^^dence in the senes that 
one ovary supplied more mature follicles than the other 

OVOGENESIS 

Ovogenesis in the goat occurs rlijdhmically and is definitely related to the 
estrous cycle The formation of oocytes is probably a continuous process 
throughout the cycle, but the maximum number of oocytes is produced during 
the last 5 days of metestrum and during proestrum Even during estrus there 
is a markedly increased number of small healthy oocytes close to the margin 
of the cortex The smallest oocyte in the goat ovary measures 20 /i in diameter 
and IS surrounded by a few flattened epithelial cells In many oocytes the 
subsequent enlargement to 40 p results m the breakdown of this encircling 
sphere of epithelial cells at points nearest and farthest from the surface of the 
ovary Thus most of the granulosa cells first appear at two opposing poles of 
the oocyte, and subsequentlj'^ insinuate themselves round the oocyte until they 
meet and thus form the defimtive primordial follicle This often results in the 
earliest granulosa cells appearing to form an ellipse about the developing 
oocyte Many follicles give evidence of this early polarity of the granulosa 
cells by their elliptical appearance at a later date m their grovth 

The theca interna cells appear as a layer of poorly differentiated small 
flattened cells when the piiinordial follicle has a diameter of about 100^ By 
the time the developing membrana granulosa has a diameter of 300 p. the theca 
interna has become 6-7 cells thick Even at this stage there is often a marked 
‘thecal cone’ pointing towards the periphery of the ovaiy The thecal cells 
on the side of the follicle nearest the medulla are flattened and tlieir nuclei 
are fusiform The cells he tangentially about the developing follicle, as if they 
were being subjected to pressure The cells of the thecal cone, however, ^ 
are large, polygonal in shape, and their cytoplasm has a granular ‘foamy’ 
appearance Their nuclei are oval and vesiculated (sec PI 3, fig 0), and 
mitotic figures are frequently encountered 

The zona pellucida first appeals when the oocyte is about GOp in dinifietcr 
and the follicle has a diameter of lOOp By the time the oocyte is 80p and the 
follicle 300 p in diameter the zona pellucida is fully developed In some o\ arics 
there is a precocious development of the oocyte and an associated failure of 
development of the granulosa and theca interna elements The diameter of 
these precocious oocytes is of the order of 75p The zona pellucida is present 
and contained within it are numbers of elongated fusiform bodies that stain 
blue with haematoxyhn These bodies are possibly the nuclei of granulosa cells 
absorbed into the zona pellucida Such bodies have onlj" been found m these 
precocious oocytes, and their occurrence appears to be restricted to ovaries 
obtained from animals killed late in estrus or 1 or 2 days after estrus (PI 1, 
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fig 5) These obsen'ations are presented m support of the theorj that the zona 
pellucida is de-v eloped from the granulosa cells In this conneMon the reader 
IS referred to :Mainland (1932) for a description of iihat appear to be similar 
bodies m the zona pellucida of tubal o\ a and large oi anan o^ a of the ferret, 
and to Guthrie S. Jeffers (1938) and Kmgsburj (1939) for discussion of the 
ongm of the zona pellucida in the mammalian o^ axy 

POLYNUCLEAR OVA AND POLYOVULAR FOLLICLES 
A Striking characteristic of the goat oiarj is the presence of poljmuclear ora 
and polj oi-ular follicles (PI 1, figs 1-4) These multiple forms are found in the 
osaries of ammals killed dunng proestrum, estrus and also at certain tunes 
durmg pregnancy Counts were made of the number of multiple forms per 
1000 oocj tes in each oi arj Such counts are necessarilj onlj an indication 
of the relative occurrence of the multiple forms 

Polj nuclear oi a u ere not found until 3 daj s before the onset of heat, m hen 
the} numbered 4% of the oocytes counted The number increased during 
estrus to 12 % and remamed high until the 3rd da} of the cycle From this 
time onnards counts became mcreasingl} difficult to make as the uaie of 
degenerabi e changes afi'ecting the o% ar}"^ made the differentiation of a particular 
t} pe of follicle uncertain Pol} nuclear oi a are mainly limited to the primordial 
stage of oocyte deielopment, but some are found m follicles possessing two 
or tliree la} ers of granulosa cells Vacuolation of the ooplasm and inequalit} 
of the nuclei are often found and are probabl} one of the first indications of 
impending degeneration (see Hartman, 1926) Binuclear ooci tes are the most 
frequent type to be encountered, but as man} as ten nuclei ha\ e been found 
in one ooc}'te The volumes of these pol}Tiuclear oia (aierage diameter of 
50 ooc}tes with 2 nuclei = 36 p, of 6 ooc}tes with 3 nuclei = 39 p, of 3 ooc}i:es 
with 6 nuclei = 00p) indicate that the condition is probably the result of the 
fusion of var}mg numbers of ooe}tes (see Hartman, 1926) Further support 
IS pro'v ided for this tlieor} b} the presence of small spoke-like processes in the 
ooplasm of the pol}'Tiuclear o^a, which probabl} represent the remnants of 
the cell membranes of the origmal ooc}tes (PI 1, fig 3) 

Pol}o\Tdar follicles were first found in o\anes obtained 4 da}s before the 
onset of estrus and numbered 5 % of all ooc} tes The number rose to 12 % m 
o\ arics obtained 1 da} before the onset of estrus On the 1st da^ of estrus 
10 % of the ooc} tes show ed the pol} o^^llar condition, but the number fell to 
4 % on the 3rd da} of the c} cle Hartman has classified pol} oNular follicles 
in three types In Type I the ova are separated b} intervening masses of 
granulosa cells, in T}’pe II the ova arc in contact bv broad surfaces, and in 
T^pe III the ova are linearl} arranged wnthin the follicle In the goat the 
polv ovular follicles are most commonly of T}pe II (PI 1, fig 2), examples of 
the other types being rareh found Accessor} ooc} tes are occasionallv found 
enclosed in the peripherv of a follicle, and one small ooc}te was found in the 
ooplasm of a larger degenerating oocv te 
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The signs of impending degeneration are seen earlier in the poljo\nilar 
follicles and polynuclear ova than in noimal oocytes in the same ovary Onh 
one in many thousands of multiple follicles observed had progiessed bc^ ond 
the primordial stage This was a bmovular follicle that had reached the 
diameter of 550/1, and which contained tvo folhculai cavities separated bj 
a septum of granulosa cells At the peripheral part of the septum theca inteina 
cells were present as a small projection, a feiv cells thick, dividing the granulosa 
cells of the septum into two layers One of the ova shoii ed signs of degenci ation 

FOLLICULAR DEVELOPMENT 

The ovarian follicles in the goat ovary change little m size during anestiuni 
and metestrum All ovaries obtained at these periods contain a feu mcdiuin- 
sized follicles (2-5 mm ) and a laige number of small follicles (0 5-1 0 mm ) 
Many of these follicles show signs of degeneration There is consideiable 
activity noticeable in the small and medium-sized follicles 5-6 days before the 
onset of heat Both membrana granulosa and the theca interna cells show 
numerous mitotic figures and theie is a consideiable increase in the niimbci of 
cells composing both layers (PI 2, fig 10) The theca mteina is often fai 
thickei than the membiana gianulosa m the developing medium-sized follicles, 
and in some follicles is a least twenty cells thick The theca inteina at this 
stage has the characteristics of a ‘thecal gland’, using the term as ajiplicd by 
Mossman (1937) to the gieat enlargement seen in the theca interna of Geomys 
The thecal gland of the goat is apparently laiger than that seen m the other 
domestic ungulates The theca interna does increase in thickness at estius m 
the sow (Corner, 1919), in the cow (Hammond, 1927), in the sheep (War- 
britton, 1934) and in the male (Harrison, 1946), but in most of these animals 
the theca interna seldom exceeds the thickness of the membrana gianulosa 
The cells of the theca interna of the smallest follicles are flattened and 
arranged tangentially about the peripheiy of the developing follicle The nuclei 
are fusiform, stain heavily, and the cytojilasm of the cells is scanty m amount 
and devoid of granules (PI 2, fig 9) However, during proestrum, the cells 
increase rapidl}^ in number and size, the nuclei aie less heavily stained and aie 
vesiculated The cytoplasm inci eases in amount and many cells shov inci eased 
granulation The shape of the cell is now polygonal, and the nuclei are spheroidal 

or oval (PI 2, fig 10) This activity of the theca interna is most marked nearest 

the ovarian surface, thus producing marked thecal cones such as Strassmann 
(1941) noticed in the small follicles of the cat, the rabbit and the marc 

The appearances of the thecal cone during diflerent stages of follicular 
development suggest that the function of the cone is not as simple as Str.iss- 
mann states In the young follicles, under 300 /c m diameter, a marked thecal 
cone can be seen at the side of the follicle nearest the surface of the mary 
(PI 1, fig 6, Text-fig IB) The cells m this cone are large and polyhedral, and 
there is evidence of much mitotic activity The cells at the opposite pole of 
the follicle are fusiform and flattened tangentially against t le mem irana 
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propria From the general appearance of the follicle it would seem that this 
proliferation of the cells of the theca interna pushes the follicle into the stroma 
of the ovary, thus causing the long recognized ‘ sinking m’ or migration of the 
primordial follicle After the follicle has migrated inwards the primary thecal 
cone IS no longer visible and the majorit}' of the follicles show an equal develop- 
ment of the theca interna all round the follicle (Text-fig IC) Howeier, 




Te\t fig 1 Diagram to show the changes m shape of the theca mtema m the maturing 
folhcle See text for explanation of the stages 

follicles can be found, particularly where migration inw ards is slow ed up b\ 
the presence of old corpora lutea or neighbouring follicles, in which there is 
a distinct enlargement of the theca interna at the inner, or medullart pole 
(PI 2, fig 7, Text-fig ID) 

The formation of the thecal cone of young follicles may be due to the better 
blood supply to the cortical pole of the folhcle, for it has been shoxvn that m 
the mammalian ovary the oxanan arterx dixides at the hilum into cortical 
and medullary branches (Andersen, 1920, and Bassett, 1943) Later m follicular 
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development two vTeaths of capillaries appear, one m the theca externa, and 
the second in the theca interna and presumably tlie nov enly distributed 
blood supply IS responsible for the equal development of tlie theca interna a)] 
round the follicle In the same way the development of the internal tliccal 
cone may be due to arrested migration of the follicle when its inner pole has 
just entered the area of the ovary supplied by the medullary branches of the 
ovarian artery, and before the two capillary vTeaths have developed 
Harrison (unpublished) has shovm that the administration of follicle 
stimulating hormones to rabbits, in which the mature follicles had been 
expel imentally ruptured with the removal of the granulosa cells, resulted in 
a greater increase m the activity and thickness of the theca interna layer than 
occuried in the controls (see also Westman, 1934) This effect, and also that 
of the formation of a thecal cone (see Strassmann, 1941), may be due to the 
follicle stimulating hormone, oi to the oestrogens secreted as a result of 
follicular stimulation, acting on the theca interna (see Bullough, 194G) 

As the follicle develops further it pushes towards the ovarian surface, at 
first merely by its oivn relative increase in size, but later the outer cells of the 
theca interna re-enter the cortical zone of the ovary Thereupon a second 
external thecal cone develops m the maturing follicle (PI 2, fig 8, Text- 
fig 1 E, F), and possibly takes part in the causation of oinilatioii, as described 
by Strassmann In the goat ovary, as the follicle enlarges prior to ovulation, 
the marginal theca externa cells and those of the tunica albuginea arc reduced 
in number and the tissue becomes oedematous at this iiomt The theca interna 
cells appear to invade the theca externa cells, but there does not appear to be 
any dissolution of the cells in the area, such as the postulated presence of 
a proteolytic enzyme in the follicular fluid by Schochet (1916) might suggest 
At maturity the theca interna cells are well marked about the periphery of 
the rest of the follicle, but the layei is thinner than it was at the tunc of 
maximum development of the thecal gland This thinning is presumably due 
to the sudden secondary enlargement of the follicle occurring at the end of 
pi oestrum The alterations in the shape of the theca interna that may occur 
during the development of the ovarian follicle are illustrated in Text-fig 1 

FOLLICULAR GROWTH 

It has been seen that at procstrum all types of follicles are influenced by some 
growth stimulus avIucIi causes them to increase rapidly in size The precise 
histological effect of this is shown by the reaction of the theca interna and 
membrana granulosa already described Therefore, in the ensuing description, 
the term ‘actively groAVing follicle’ aviII only be applied to those follicles vhich 
show these well-marked changes Such actn'-elv groA\mg follicles are only 
found during proestrum, estrus, and during a certain period in pregnancy It 
appears that the primary oocytes develop as far as the small follicle stage 
(0 5-2 0 mm ) during proestrum and estrus, and then remain qiiiesecnt probably 
until the next jiroestrum If they have sur\avcd the vaA e of atresia affecting 
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the o^ ary dunng the end of estrus and in postestrum, they are presumablj 
affected b} tlie groi\ th stimulus at the next proestrum and enlarge rapidlj to 
a possible maximum diameter of 8-10 mm The mimmum time taken for the 
dev elopment of the follicle to maturity is therefore one diestrous cj cle 

The grow th of the ovum and follicle from the primordial stage until maturity 
can be divnded into the usual tw o w ell-marked phases as described by Brambell 
(1928) and Parkes (1931) In the first phase the ovmm and follicle grow con- 
currently, whilst m the second phase the follicle grows rapidh' m size, whereas 
the relativ e increase in size of the ovmm is slight By measuring the diameters 
of a large number of activml j grow mg follicles and treating the results statisticallj 



Text fig 2 Graph to shoH-the groirth of the ovuin plotted against the grovrth of the folhcle in 
the goat and the pig (Parkes, 1931) For the equations of the regression lines, see text 

in the manner described by Brambell (1928) the following formula for the 
regression line of the first phase is obtained 

i/ = 32 52+0 156x, 

where a: = 80-400 Jleasurements were made onlv on matenal fixed m Bourn’s 
fluid so that the results might be comparable to the work of Parkes (1931) 
The largest mean diameters were taken of dev eloping ova and grownng follicles, 
aiij folhcle or oocj'te vv hich show ed signs of atretic or degcnerativ e changes 
was discarded The goat oocyte, like that of the pig ovmry (Parkes, 1931), 
reaches a diameter of 45 p, before acquiring an entire epithelial covering The 
diameter of the follicle when the antrum appears is 400— 150p (pig = 400p), 
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and the diameter of the follicle is 400 ja (pig = 300/.) iihcn the growth of tlic 
oocjde reaches the end of the first phase 

Only a few ova were found in the largest follicles that did not shov signs of 
degeneration Thus the formula for the regression line of the second phase, m 
which the ovum increases 50/. in size, wheieas the follicle enlarges rapidly to 
8 mm , could only be estimated from a relatively large number of measurements 
on medium-sized follicles From all the available figures a formula of 

«/ = 93 6-pO 0058.r, 

where «= 450-8000, was obtained Assuming that the follicle has a diameter 
of the order of 8 mm when it ruptures at o^’^^latlon, this regression line 
corresponds quite well with the diameter of the goat egg given by Hartman 
(1929) and Amoroso, Griffiths & Hamilton (1942) as an average figure of 
145 3/. Comparing these formulae with those of the pig (Te\t-fig 2), given 
byParkes(1931)as phasea,?/ = 35 22 + 0 1382® and phase ft,?/ = 74 95 + 0 0040®, 
it will be seen that the regression lines are similar to those of the goat In the 
goat, however, there is a greater increase m the size of the oocyte during 
phase a, for the oocyte in the goat reaches a diameter of 95/. as opposed to 
that of 76/. in the pig The ratio of the size of the follicle when the ovum is 
fully grovm to the size of the mature follicle is 1 20, which can be compaied 
with that of 1 26 6 for the pig (Parkes, 1931) 

FOLLICULAR ATRESIA 

Degeneration of the sex cells occurs continuously throughout the estrous cycle, 
but the process reaches a maximum m the goat ovary during the third and 
fourth days after the onset of estrus In the ovaries of the animals killed at 
this time healthy primary oocytes are rarely to be found Extensive degenera- 
tion of follicles of all sizes occurs later in the cycle tlian of the oocytes, but in 
some of the medium- and small-sized follicles early atretic changes can be 
detected during proestrum Degeneration of the large follicles occurs later still, 
for it IS often possible to detect large follicles that appear healthy by histo- 
logical criteria m the ovaries of animals killed during estrus and earlj"^ post- 
estrum It would appear, therefoie, that a wave of degeneration starts to 
affect the follicles at, or just before, the onset of estrus The follicles appear to 
be affected m the order of their relative size, the largest follicles remaining 
healthy the longest time Smaller numbers of follicles also show early atretic 
changes at other times of the cycle, but the causation of this limited atresia 
IS probably not due to the factors causing the widespread destruction described 
above 

In the primordial follicles the first histological evidence of degeneration can 
be seen in the oocytes rather than in the follicular elements The ooplasm 
swells, becomes vacuolated, and the nuclei undergo fragmentation In many 
oocytes the cell membrane is destroyed and cells, vhich are probably granulosa 
cells, are found inside the degenerating oocyte It is not jet clear whctlicr 
these presumed granulosa cells are acting as phagocjtes, or Nvhether the oocyte 
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possesses phagocytic po^\ ers itself at this stage (Asami, 1920) The granulosa 
cells quickly degenerate and disappear, leasung a small hyaline plug surrounded 
bj'^ a nest of thecal cells to mark the site of the degenerated oocyte 

In follicles that possess an antrum degenerative changes in the granulosa 
cells are an early feature of impending atresia Usually atretic changes in the 
granulosa cells appear after, or coincide with, early degenerative changes in the 
oocyte The oocyte is often collapsed or shrunk, and the cumulus oophoricus 
IS less marked Occasionally large atretic follicles are found in which the liquor 
IS present as a fine-meshed coagulum, instead of the flocculent precipitate of 
coarse mesh of healthy follicles Such an alteration in the character of the 
follicular fiiiid was found by Kingsbury (1939) to be a constant sign in early 
atretic follicles of the cat, but in the goat, however, atretic follicles can be 
found which do not show this change The inner granulosa cells are loosely 
arranged and many of the cells are floating free m the follicular cavity At 
first the peripheral granulosa cells next to the basement membrane retain their 
columnar arrangement, but they are soon dispersed by a rapid ingrowth of 
theca interna cells The granulosa cells swell shghtlj’' as they degenerate, their 
nuclei then become pyknotic and fragmented, and the cells assume the 
appearance of leucocytes 

The follicle collapses rapidly after the atretic changes have appeared in the 
granulosa cells Large numbers of spindle-shaped thecal cells, the majority 
derived from the theca interna, pass into the cavity of the collapsing follicle 
The thecal cells arc enlarged, and contain numerous fat droplets In some 
cases a layer of amorphous material can be seen between the degenerating 
granulosa cells and the invading thecal cells, this layer has been called the 
‘glass membrane’ (Shau, 1926) It is difficult to decide the exact nature of 
this material, but it appears to be denved from the degenerating granulosa 
cells The latter cells eventually disappear entirely, leaving the old follicular 
cavity filled with a varying amount of the eosinophilic amorphous material 
The thecal cells continue to grow in towards the centre of the collapsed follicle, 
passing through the amorphous material in radiating strands of cells Mitotic 
figures are common in the thecal cells at this stage 

At a later stage the entire follicular cavity is filled with interlacing thecal 
cells, though a small central plug of amorphous material, uhich may have 
become hyalmized, often remains for some time The thecal cells have now 
shrunk considerably and have the appearance of tjqiical fibrocytes, often being 
surrounded by collagen Leucocytes arc rarelj'’ seen m the atretic follicles at 
this late stage 

In large follicles the granulosa cells degenerate in the manner desenbed 
above The majority of the large follicles lose all their granulosa cells, which 
float off into the follicular fluid, and arc destroyed There is seldom an ini asion 
of the large atretic follicles by thecal cells, how e\ er, and the follicle becomes 
a cjst-hke canty with its smooth walls lined by the ‘glass membrane’ The 
theca interna cells are often swollen, with vacuolated eytoplasm, and their 
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and the diameter of the follicle is 400 fi (pig = 300 /z) nhen the growth of the 
oocyte reaches the end of the first phase 

Only a few ova were found in the largest follicles that did not sho\v signs of 
degeneration Thus the formula for the i egression line of the second phase, in 
which the ovum increases 50 /n m size, whereas the follicle enlarges rapidly to 
8 mm , could only be estimated from a relatively large number of measurements 
on medium-sized follicles From all the available figures a formula of 

?/ = 93 6-}-0 0058/r, 

where a; = 450-8000, was obtained Assuming that the folhele has a diameter 
of the order of 8 mm when it ruptures at ovulation, this regression line 
corresponds quite well with the diameter of the goat egg given by Hartman 
(1929) and Amoroso, Giiffiths & Hamilton (1942) as an average figure of 
145 S/x Comparing these formulae with those of the pig (Te\t-fig 2), gncn 
by Parkes (1931) as phase a, y = 35 22 + 0 1382/r and phase b,y = 7495 + 0 0049, r, 
it will be seen that the regression lines are similar to those of the goat In the 
goat, however, there is a greater increase m the size of the oocyte during 
phase a, for the oocyte m the goat i caches a diameter of 95 /x as opposed to 
that of 76p. m the pig The ratio of the size of the follicle when the ovum is 
fully grown to the size of the mature follicle is 1 20, which can be compared 
with that of 1 26 6 for the pig (Parkes, 1931) 

FOLLICULAR ATRESIA 

Degeneration of the sex cells occurs continuously throughout the estrous cycle, 
but the process reaches a maximum m the goat ovary during tlie third and 
fourth days after the onset of estius In the ovaries of the animals killed at 
this time healthy primary oocytes are rarely to be found Extensive degenera- 
tion of follicles of all sizes occurs latei in the cycle than of the oocytes, but m 
some of the medium- and small-sized follicles early atretic changes can be 
detected during proestrum Degeneration of the large follicles occuis later still, 
for it is often possible to detect large follicles that appear healthy by histo- 
logical criteria in the ovaries of animals killed during estrus and early post- 
estrum It would appear, therefore, that a wave of degeneiation starts to 
affect the follicles at, or just before, the onset of estrus The follicles appear to 
be affected in the ordei of their relative size, the largest follicles remaining 
healthy the longest time Smaller numbers of follicles also show early atretic 
changes at other times of the cjmle, but the causation of this limited atresia 
IS probably not due to the factors causing the widespread destruction described 
above 

In the primordial follicles the first liistological evidence of degeneration can 
be seen m the oocytes rathei than in the follicular elements The ooplasm 
swells, becomes vacuolated, and the nuclei undergo fragmentation In manj 
oocytes the cell membrane is destroyed and cells, which are probably granulosa 
cells, are found inside the degenerating oocyte It is not yet clear nhctlicr 
these presumed granulosa cells are acting as phagocytes, or nhether the oocyte 
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basal lajer, ^^hlch still retains its columnar structure, and the inner zone, 
which IS loosely arranged in the antrum of the follicle The granulosa cells soon 
show the usual signs of degeneration and rapidly disappear The subsequent 
stages of atresia are the same as are found in the follicles of non-pregnant 
animals 

The changes that occur in the granulosa cells of atretic follicles of pregnant 
animals are similar to those that oceur m luteahzation In the pregnant mare 
Cole <L Hart (1930) ha\e found marked luteahzation of the follicles starting 
at the 40th day and reaching a maximum by the 110th day At this time the 
follicles ha\e become filled by fully luteahzed granulosa cells apparent^ 
resulting in the formation of numbers of aecessory eorpora lutea Thus these 
changes of apparent luteahzation, transient in the goat and other mammals 
and presumably merely shoiving what Martinez-Esteve (1942) has ealled ‘a 
flicker of a response to the luteimzing hormone’, are marked and progressive 
in the mare 

In several follicles of the ammals killed after the 45th day of pregnancy the 
thecal walls ha^e been denuded of granulosa cells, and the appearance is now 
that of a cyst In several of these cj'st-like degenerating follicles of pregnancj’' 
a localized proliferation of theca interna cells is found These thecal cells are 
large, their nuclei are vesicular, and mitotic figures are common The prolifera- 
tions of the theca mtema cells form tufts grownng into the follicular cavity, 
and as the follicle collapses these tufts nearly fill the ca\nty Such proliferations 
of theca interna cells were only noted in degenerating follicles in which the 
granulosa cells had almost disappeared (see Culiner, 1945, 1946 for changes 
simulating those of luteahzation in the theca interna cells of human and 
baboon ovaries) 

THE DEVELOPMENT OF THE CORPUS LUTEUM 
The corpora lutea ai ailable for examination range from the time of oimlation 
to the 21st day m non-pregnant animals, and to the 60th day in pregnant 
animals The approximate ages of the corpora lutea obtained from the 22 goats 
in which the onset of estrus had been determined biologically is given in 
Table 1 As has already been explained, it is assumed that ovulation occurs 
late in estrus, probably 30-36 hr after the onset of full estrus, and the ages 
of the corpora lutea are given accordinglj’^ 

FIRST DAY AFTER OVULATION 

The earliest ruptured follicles obtained, seven in number, are from goats 28, 40, 
13, 26, and extend over the period + 6 hr to + 12 hr after ovulation The 
freslily ruptured follicle measures 5 5x4x4 mm on the average The collapsed 
follicles show varying degrees of plication of the walls, m some specimens there 
IS barelj any detectable folding of the mural epithelium, the collapsed follicle 
being elongated, wath a slit-hke caaaty separating the walls This tjqie is alwa\ s 
found when a luptured follicle is close to the retrogressing corpus luteum of 
Anatomy 82 j 
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the previous cycle In the remainder there is a moderate degree of plieation, 
never as marked as m the ovary of the marc, and hardly as marked as in the 
sheep or the sow Tlie stigma is generally oval, and was of no use in estimatiiw 
the age of the coipus lutcum Herniation of the gland i\as found in a fev of 
the early specimens 

In all the early ruptured follicles there is slight haemorrhage into the central 
cavity, the blood originating from ruptiued thecal vessels In places small 
channels are formed through the membrana granulosa through Avhich blood 
can be seen percolating towards the central cavity These channels appeal to 
be associated with the future migration of endothelial cells from the thecal 
capillaries into the gland The central canty contains fibrin, in the form of fine 
strands, enclosing erytlirocytes, leucocytes and some detached granulosa 
cells 

The granulosa cells in the earliest of the siiecimens are separated by slight 
spaces filled with fluid The general ajipearance is of the ‘compact’ type of 
arrangement of the granulosa cells (PI 3, fig 12), with only slight dissociation 
of the individual cells other than at the site of eleavage due to e\travasation 
from the thecal vessels In no specimen of the series was there an open ‘ lacc- 
hke’ arrangement of the granulosa cells, as described m the dog (Evans 
& Cole, 1931), the fox (Pearson & Enders, 1943), or the mare (Harrison, 1940) 
The changes of luteahzation appear relatively early in the goat, for in all the 
specimens the granulosa cells have increased in size to 15/i and the cytoplasm 
IS evenly filled with granules The granulosa cells are mostly spherical, with 
fluid filling the spaces between them, but at the tips of the folds elongated cells 
are streaming into the cavity of the collapsed follicle The thickness of the 
mural epithelium is already two to three times that of the ripe follicle Many 
of the nuclei, particularly those of the cells at the periphery of the eiiithelium 
have lost the dense compact arrangement of the chromatin This has become 
broken into discrete masses or rods Mitotic figures were not observed in the 
gianulosa cells 

The theca mteina cells are clearly visible, their position and local distribution 
depending on the degree of plication present In the less folded type the cells 
are arranged faiily uniformly round the periphery of the granulosa cells, but 
with local aggregations, seveial layers thick, on the inner side of the ruptured 
follicle The cells are spindle-shaped, with elongated nuclei, which do not stain 
always as heavily as the granulosa cells The nuclei often shov evidence of 
vesiculation On the inner side of the ruptured follicle the theca interna cells 
are often radially ai ranged in the compact manner found in the ripe follicle 
prior to ovulation In the collapsed follicles that show more plication the 
thecal cells are mainly distributed at the base of the central core of the folds 
(PI 3, fig 12) They are arranged at the side of the central strands of thcc<i 
externa cells and thecal vessels that are drawn into the centre of the core 
These cells are plump, w'lth a spherical nucleus, and their cytoplasm is evenly 
filled wuth numerous small imcuoles 



35 


The ovmy of the goat dtirmg the estrozis cycle 

The thecal -vessels are all engorged at this earh stage particularh" in the 
cores of the folds (PI 3, fig 12) Endothelial cells can be seen migrating into 
the cores, and although it is difficult to be certain, in one or t-«o of the earU* 
ruptured follicles spindle-shaped cells, quite unlike thecal cells, can be seen m 
the periphen of the granulosa layer These cells haie defimtely migrated 
through the membrana granulosa and m several places such cells can be seen 
disrupting the membrana propna Strands of an ei en amorphous matenal are 
laid donn around these cells, and also in the uake of their migration This 
material stains -well -vnth Mallorv’s, Masson’s and -various silver stains, and 
IS apparently reticulum There has been considerable discussion as to the 
nature of these cells and the matenal that thev lav down at this earh stage 
It has been suggested that they are theca interna cells n hich have rev erted to 
fibroblasts, thatthej’ are endothelial cells behavnng as the reticulo-endothehal 
cells vv Inch are found in the liv er and suprarenal, or that thev are tv pical theca 
externa or stromal cells (see Corner, 1910, 1920, 1921, 1945 for further dis- 
cussion) The appearances in the goat support the v levv of Comer that these 
cells are endothelial cells that break away from the thecal capillanes and pass 
through the disrupting membrana propria to form the endothelial sinusoids 
of the gland, as w ell as the supporting reticular matmv. of the fullv^ dev eloped 
corpus luteum 


SECOND DAY AFTER OVULATION 
Two specimens show the changes occumng from 24 to 48 lir after ovulation 
(PI 3, fig 13) Bv this time the developing corpus luteum has almost filled 
the central cavntv The boundary between the granulosa cells and the theca 
interna cells is now obscure, and the membrana is thin or has disappeared 
There are no longer any fluid-filled spaces between the indivndual cells The 
granulosa cells are larger, with an av-erage diameter of 25 /a and a nucleus of 
9/1 Granules are now evenlj distributed in the cvdoplasm of most of the 
granulosa cells, but a few cells at the penpherj show some clearing of the 
granules and numbers of small sphencal vacuoles have appeared at the 
peripherv^ of the cell The nuclei of the granulosa cells are less dense and hav e 
all taken on the characteristic v esicular appearance With the increase in size 
of the granulosa cells the intercellular spaces hav^e entirel}’- disappeared and 
the tj pical compact arrangement of the gland is seen 

The theca interna cells have altered little in position from the precedmg 
stage, and are still arranged about the peripherv of the granulosa laver, 
particularlj at the bases of the folds The folds hav e thickened slightlj bv the 
passage into them of more theca externa cells The theca intcma cells have 
now a relativ elj darker staimng nucleus than those of the granulosa cells, and 
their cv toplasm is more v acuolated than in the prev lous stage Endothelial 
invasion is now well marked, and the cells seem to sprout out m chains from 
the ruptured thecal capillaries, both at the penpherv of the gland, and from 
the cores of the folds Definite areas of earlj reticulum deposition can be seen 
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at the periphery of the gland Invading thecal cells can rarely be found m 
these areas, Avhereas chains of endothelial cells are quite common It therefore 
seems probable that the reticulum is laid doiim at this stage solely bv the 
endothelial cells Leucocytes are now found evenly distributed over the 
granulosa layer, as well as in the remnants of the central canty The de- 
velopmg corpus luteum now has an average measurement of 6-7 mm m 
diameter 

THIRD TO SEVENTH DAY AFTER OVULATION 
Seven specimens are available to cover this period During the 3rd— 7th day 
the corpus luteum reaches a diameter of 9 mm This corresponds to the tune 
at which the blastocyst is implanted on tlie 7th day (Amoroso, Griffiths 
& Hamilton, 1942) The central cavity is completely obliterated during tins 
period by the hypertrophy of the gianulosa cells, which are now fully lutcalizcd 
and have an average diameter of 80/i The concentration of the granules is 
now markedly perinuclear and the periphery of the cytoplasm is filled uith 
numerous vacuoles of different sizes (PI 3, fig 14) The nuclei are laige 
( 11 - 12 / 1 ,), spherical and vesicular 

Dnrmg this period the theca interna cells are difficult to trace There are few 
mitotic figures to be seen in the theca interna cells during this period, and the 
relative scarcity of the cells is made more noticeable by the great hypertrophy 
of the granulosa cells In the goat the theca interna cells can be easily dis- 
tinguished again by the 5th day after ovulation The cells are now evenly 
distributed throughout the entire gland and can be recognized by their small 
size (16/1 m diameter) Their nuclei stain more densely than those of the 
granulosa cells, and tlieir cytoplasm contains evenly distributed vacuoles, 
usually small and numerous, giving the cells a foamy appearance Occasionally, 
however, there is only one large vacuole present 

By the 7th day a network of capillaries has become uniformly distributed 
within the entire gland, nearly every cell being surrounded by an endothelial 
coat Associated with the increased vascularity of the gland thm-wallcd venous 
channels have appeared during these last few days, first at the periphery 
of the gland, then later radiating from the centre Even in fixed specimens 
these channels are of a relatively large calibre This is evidence of the formation 
and active functioning of an arterio-capillary- venous circulation vhich is 
rapidly replacing the ‘early lympli-hke drainage’ (see Corner, 1945, and van 
del Horst & GiUman, 1946), 

TWELFTH DAY AFTER OVULATION 
Two specimens are available for examination of the appearances at this tunc 
The corpus luteum has now reached its maximum diameter of 11 min (1 1 3, 
fig 15) Most of the granulosa cells arc large, vith a diameter of 30 - 10/1 The 
cytoplasm of these cells is heavily vacuolated, but there arc also cells vlmh 
do not show vacuolation, havmg an almost homogeneous heavier staining 
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cj-toplasm The \ asculantv of the gland has now reached its maximum, but 
there is little blood m the ^ essels, possibly due to the pressure exerted by the 
fully de\ eloped gland The theca interna cells are similar in appearance and 
distribution to the last stage 

CORPUS LUTEUM OF KOX-PREGNANT ANIMALS 
Corner (1921) has shonm that there is a sudden change in the corpus luteum 
of the son at the 14th or 15th da} after omlation and that retrogressn e 
changes then commence In the goat retrogressi\ e changes also commence at 
this time, but they are not so abrupt as Comer describes in the son During 
the penod betneen the 12th day and the onset of the next estrus the luteal 
cells slonl} degenerate It is naturally difficult to say at nhich day the luteal 
cells cease to produce progesterone Examination of the reproductive tracts 
of the goats used for this paper (unpublished data) indicates that there is 
a gradual decrease, starting at the 12th da} , in the amount of multi-la} ered 
epithelium of the utenne lumen, n hich is being replaced by a uniform smgle- 
la} ered epithelium Lymphoc} tie infiltration, the relatii e numbers of goblet 
cells and the amount of mucous secretion also dimmish graduall} durmg the 
period extending from the 12th to the 19th da} The changes oecumng in the 
1 agina, the loii er utenne segment and the fused horns also suggest a gradual 
decline in the luteal action on the reproductive tract from the 12th da} onwards 
From this evidence, and from that obtamed from the histological appearance 
of the corpus luteum, it u ould appear that the corpus luteum, although some 
of its cells ma} still be functioning, ceases to have a full effect on the reproductive 
tract from the 12th day after ovulation 

The five specimens of corpora lutea that were obtained during the penod 
between the 12th and 20th day after oinilation all show retrogressne changes 
in the luteal cells The amount of c}’toplasm is considerably reduced, the cells 
having an a\erage diameter of 20 n by the 20th day Vacuolation at the 
penphery of the c}'toplasm is still a marked charactenstic dunng the 12th to 
the 17th day Cells are also seen in which the peripheral vacuoles appear to 
coalesce and the pennuclear c}'toplasm slumks round the nucleus (PI 3, fig 16) 
Alany cells can be seen in a corpus luteum of the 18th day after ornilation 
show ing this contraction of the c}'toplasm The latter now stains bnghtlv w ith 
eosin and contains large numbers of minute vacuoles Such an appearance of 
the cytoplasm is reminiscent of the ‘mulberry’ eells whieh Corner (1945) 
described in the degeneratmg luteal cells of the rhesus monkey Occasionally 
some luteal cells of the goat corpus luteum also show the ‘giant’ \acuoles that 
Comer described Associated wnth this perinuclear shrinkage of the cytoplasm 
degenerative changes are seen in the nucleus (PI 4, fig 18) The chromatic 
elements become massed round the nuclear membrane in the form of spheres 
These spheres rapidh coalesce to form the t}Tiical p} knotic appearance, and 
this IS follow ed b\ fragmentation and disappearance of the nucleus 
The general appearances of the degenerating gland rapidh become those of 
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a mass of compressed and occluded capillaries, surrounded by masses of stioinal 
fibrous tissue The arterioles and veins have obtained adventitious sheath;, of 
fibrous tissue, and in the meshes of the latter aie numbers of degenerating 
luteal cells The theea interna cells can no longer be discerned by the simpler 
staining methods It is difficult to decide whether they have disappeared 
at an earlier stage, or whether they have reverted to fibroblasts There is no 
‘interstitial gland’ in the goat ovary, similar to that in the labbit oiary, thus 
there is no question of the theca interna cells peisisting as the cells of such 
a structure It appears that the theca mterna cells are probably destroyed m 
the general degeneration that overtakes all the parenchymatous elements 
Numerous degenerating corpoia lutea are available from the senes and all 
show a progressive shrinkage with age Corner (1945) has indicated a statistical 
method for the determination of the sluinkage m volume of the coipus luteum, 
but the lesults in the goat are subject to too many sources of eiror foi tlic 
method to be moie reliable than a simple statement of the mean result of the 
tliree spatial diameters From a mean diametei of 11 mm at the 12th daj the 
corpus luteum slirmks to 8 mm on the 20th day Thei e is then a lapid slirinkage, 
followmg the next estrus, to 6 5 mm on the 23rd day By the 40th day thcie 
has been a steady shrinkage to 4 mm and by the time the old corpus luteum 
has been subjected to two estious cycles it is 2 5 mm m diametei Theicaftci 
the corpus luteum is represented by whorls of fibious tissue smroundmg the 
degenerated remnants of the blood vessels, the oiiginal site of the gland being 
a dense mass of fibrous tissue covering an area of about 1 mm in diametei 
A few degenerated luteal cells can be seen for 3-C weeks, intcrspeised m the 
fibrous tissue, and showing numbers of large vacuoles In most cases the 
nuclei have degenerated, and there is no evidence of any parenchymatous cell 
surviving the degeneiative changes , 

THE CORPUS LUTEUM OP PREGNANCY 
The ages of the corpora lutea which were obtained from the animals that vcrc 
mated can be seen in Table 2 The details of the stage of cleavage of the o\ iiiii 
recovered fiom the first five animals m the senes can be found m the pajicr of 
Amoroso, Giiffiths & Hamilton (1942) The ajipearances of the coipus luteum 
in these first five animals aie similar to tliose given for the same stages m non- 
pregnant animals There appears to be no way of difTercntiating the corjius 
luteum of pregnancy from that of non-pregnant animals during the first 
7 days of development of the coipus luteum 

There is unfortunately a gap in the scries of corpora liitea of pregnant 
animals from the 7th to the 20th day aftci mating, therefore no description of 
the corpus luteum at the time of implantation of the blastocyst can be given 
The appearances of the corpus luteum on the 20th day of pregnancy are 
similai in general to those already described for the 12th daj after ovulation 
m non-pregnant ammals The diameter of the corpus luteum is the same as 
that of the 12th day (11 mm ), but the luteal cells have shrunk slightl> to an 
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average diameter of 30 ya The c 3 'toplasm of the luteal cells contains only a fev 
■vacuoles, and tins may be the cause of the smaller size The theca interna cells 
can still be seen among the luteal cells and their cytoplasm is still markedly 
vacuolated The capillarj’’ network is well marked, and the entue gland is 
hyperaemic (PI 4, fig 19) 

From the 35th to the 45th day of pregnancy there is a gradual shrinkage in 
the size of the luteal cells to an aierage diameter of 25/x During this penod 
three types of luteal cell can be found in the corpus luteum In the first type, 
which occurs most frequently, there is considerable peripheral vacuolation of 
the cj'toplasm The second type, however, shows little vacuolation, and the 
cells of this tj^pe are smaller than the other types, their cjdoplasm is more 
darkly staimng and is heavily granular The third type of cell is slightlj'^ larger, 
and can be distinguished by the presence of one or more large vacuoles m the 
cytoplasm (PI 4, fig 20) 

The shrinkage that has occurred in the majority of the luteal cells produces 
what Corner (1945) has called a ‘decompression’ of the gland The result is an 
enlargement of the tissue spaces and an mcreased amount of connective tissue 
A thickening in the w alls of the larger vessels occurs at the same time 

At the 45th day the corpus luteum has again changed m appearance The 
luteal cells have all enlarged to an average diameter of 30 ^ and there are no 
longer large vacuoles m anj’^ of the cells Their cytoplasm has returned to its 
appearances on the 20th day, m which a homogeneous perinuclear area 
containing granules and some slight peripheral vacuolation were present 
The increase in size of the luteal cells has obliterated the tissue spaces that 
temporarily appeared during the period from the 35th to the 45th day 

The general appearances of the corpus luteum at the 55th day (PI 4, fig 21) 
are similar to those described for the 45th day Some of the cells near the 
centre of the gland, however, have slirunk considerably The cytoplasm is 
more heavily staining in these central cells, and no vacuoles are present in the 
cytoplasm ’ By the 60th day (PI 4, fig 22) the majority of the luteal cells have 
undergone this contraction of their cytoplasm The nuclei have also slirunk, 
and all the cells stain darker than those of the previous stage The connective 
tissue appears to be increasing in amount, and the luteal cells are compressed 
by it into uregular shapes, and the capillaries m the centre of the gland no 
longer contain crythrocjdes 


LUTEOLIPIN 

Rossman (1942) states that he was unable to find luteohpin in a series of 
eorpora lutea of varying ages obtained from swine, sheep and cows All the 
corpora lutea obtained from the senes of goat ovaries under diseussion were 
cvamiiied for hiteohpm In none was anj"^ substance found that fulfilled 
llossnian’s staining criteria for luteohpin Treatment of the corpora lutea m 
A arj mg stages of retrogression with Sudan III, after fixation in Zenker-formol, 
how e\ cr, show ed the presence of numerous spherical droplets m the cj toplasm 
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of the degenerating luteal cells (PI 4, fig 17)^ These cells could be followed ' 
through their retrogressive changes to the 6th week At this stage a fen cells 
remain, interspersed among masses of fibrous tissue and degenerated blood 
vessels^ In haematoxyhn and eosm preparations these cells can be recognised as 
‘ ghost ’ cells, for they seldom possess healthy nuclei and are clearly degenerating 
The material staining with Sudan III is apparently not luteohpm, but some 
higher form of lipid that resists alcohol extraction Presumablj^ the cells 
remain for so long due to the thick fibrous scar preventing their absorption 

DISCUSSION 

Polynuclear ova and polyovular follicles (see Hartman, 1926, for discussion 
and refeiences to literature) have seldom been reported in the ovaries of 
ungulates Hellin (1895) believed that relative under-development of the con- 
nective tissue of the ovary leads to fusion of follicles and subsequent sterility 
The presence of multiple follicles in the goat ovar)’^ at least provides evidence 
against this theory The ovary of the goat contains as much, and possibly inoic 
connective tissue than the ovaries of the pig and the sheep But c\ en to 
accept the classical explanation that multiple follicles aie an accident of 
development due to variable proportions of germ cells, epithelium and stroma 
m different animals is not entirely satisfactory Hartman has suggested that 
the related phenomena of large numbers of primordial ova, polyovular follicles 
and poljmuclear ova may be an expression of the same growth stimuli which 
begin m the embryo and continue during the leproductivc cycle In this 
connexion the suggestion of Bacsich (1946) that the phenomenon is related to 
the effect of hormonal stimuli, and the work of Bullough (1046), ajipeai 
relevant The latter finds that m the mouse ovary increased mitotic activity 
in the germinal epithelium, with associated formation of new oogoma, is 
dependent on the local concentration of estrogens Such mitotic activity m 
the epithelium is markedly increased in the neighbourhood of large maturing 
follicles containing estrogen The formation of multiple follicles is found in the 
goat ovary when the estrogen production in the ovary is high and is suggcstii^c 
of the action of this hormone Bacsich (1946) suggests that the relative 
frequency of multiple follicles m human new'-born and infant oi\arics is due 
to the withdrawal of gonadotrophic hormonal mfiuences, but it must also be 
pointed out that m pregnant women the quantity of estrogen excreted m the 
urine increases throughout gestation until parturition (Newton, 1939) This 
estrogen is almost certainly produced by the placenta (Corner, 10.38), but its 
action on the foetal ovary is not impossible 

Hartman has advanced the hypothesis that multiple follicle formation 
represents an atretic phenomenon, but it would appear more likelv to be the 
result of an excessive stimulus, possibly estrogen, leading to mc\ itable atresia 
Hartman states that the polyo\mlar condition is independent of the polynuc car 
condition and that the former does not arise from the latter In the senes o 
goat ovaries exammed it has been seen that during procstrum t lerc 
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relatively more polj ovular follicles than poljTiuclear ova, whereas durmg 
estrus there were relativeh fewer polj ovular follicles Thus it is possible that 
manj of the pohmuclear ova ma} represent a stage m the degeneration of 
polj ovular follicles Indeed m manj cases the remnants of what appear to be 
cell membranes can be seen m the pol 3 Tiuclear o% a obtamed durmg and afteh 
estrus 

Follicular growdh m the goat ov ar\ is la general similar to that descnbed 
m the sheep by Grant (1934) and in the sow bj Comer (1921), and the two 
phases of growth as descnbed b\^ Parkes (1931) m the sow have also been 
demonstrated m the goat Until recentlj’- the two phases of foUicular grow th 
have been discussed from the point of v lew of the nutntional requirements of 
the growing ovum Wimsatt (1944), in his paper on the follicular growth m the 
bat MyoUs tucifugus, suggests that the growth potential of the foUicular 
epithelium is inlubited bj the necessitj of furnishing nutriment to the dev elopmg 
ovum The work of BuUough (1946), however, maj throw new hght on the 
factors responsible for the tw o phases He has shown that the mitotic activitj 
of the follicular epithehum in the mouse ovary mcreases when the antrum 
dev elops and the follicular cells are bathed bj estrogen contammg foUicular 
fluid The antmm develops m the folhcles of the goat and the sow just after 
the oocj te has reached the end of the first phases of growth Therefore it seems 
likely, assuming that Bullough’s researches on the mouse ovarj represent the 
state of affairs in the mammalian ov arj^ that dunng the first phase, when no 
antrum has appeared, the foUicle does not increase greatlj' m size because there 
IS a low concentration of local estrogens When the foUicular antrum appears, 
how evur, and the mural cells come mto direct contact with the estrogen m the 
follicular fluid the second phase of marked follicular growth then commences 
It IS significant that the oocjte m nianj’’ mammals goes tlirough its first 
maturation division at a time when the antrum is appeanng and the con- 
centration of estrogen ma}"^ be assumed to be increasing m the folhcular 
fluid 

In general, the changes that occur durmg the development of the corpus 
luteum m the goat are similar to those occurring m the sheep and the sow 
(Marshall 1904, Grant, 1934, Comer, 1915, 1919) It appears that m the goat 
ov arj', as m the ov aries of all the ungulates so far studied, the theca interna 
cells do not necessarilj revert to fibroblasts, as has been asserted m the case 
of some mammals (Dawson, 1941) It also seems that the reticulum m the 
corpus luteum is laid down by the endothelial cells, and not bv^ the theca 
interna cells as Solomons & Gatenbj' (1924) suggest The fate of the theca 
interna cells will probablv not be finaUj settled until a selective stainmg 
method for these cells is developed Comer (1944) has made a prehmmarv 
mv estigation of the distribution of the theca interna cells m the corpus luteum 
of the sow usmg Gomori’s method (1941) for the demonstration of alkalme 
phosphatase He finds the theca intema cells, laden with phosphatase inter- 
spersed among the granulosa cells at the 18th daj of pregnanej His findmgs 
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with this teclinique completely corroborate his earhei descrqition (1919) of tlie 
developing corpus luteum 

The theca interna cells appear to degenerate eventually, and in none of the 
ungulate ovaries do the theca mterna cells give rise to an interstitial gland 
It might therefore appear that the statement of Ancel & Bouin (lOOo') that 
ammals which ovulate spontaneously do not possess a true interstitial gland, 
and that its place is taken by a periodic corpus luteum, receives some support 
from the state of affau-s m the ungulate ovary Peaison (1944) has shovn that 
the converse of this statement is not neeessarilj'^ true 

The stages of development in the corpus luteum of the goat can be compared 
with those recently described in other mammals In Elcpharituhis tliiee mam 
periods of evolution of the corpus luteum of pregnancy have been deseribed 
by van der Horst & Gillman (1946) In the first, which cs-tends from the tunc 
of ovulation until the embryo is 10 mm long, there is a stead}'' grov tli m the 
corpus luteum and it is indistinguishable from that of the menstiual cycle 
The second period teiminates when the embryo is 20 mm long, and dm mg 
this period a large fat vacuole appears and disappears in each cell During the 
rest of pregnancy there is an initial active growth of the corpus luteum 
succeeded by gradual degeneration In the goat there appears to be an 
equivalent first stage of hypertrophy evtendmg from ovulation until about the 
35th day Following this there is a similar period of readjustment or tiansition 
lasting for at least 10 days During this phase numbers of the luteal cells show 
large vacuoles in their cytoplasm Then follows a period dm mg vhich the 
luteal cells at first hypertrophy once more, and then gradually appear to 
retrogress 

In Elephankdus there is marked follicular stimulation during the first phase 
of development in the corpus luteum This occurs at a time when the chamber 
epithelium of the uterus is being eroded and when there is rapid diffcientiation 
of the decidual cells In the goat, also, there is a definite precocious ripening 
of the follicles during the first 35 days of pregnancy Giant (1934) noted an 
increase in the size of the corpus luteum of the sheep at about the 14th da} , 
which IS at the time when the destruction of uterine epithelium is commencing 
(Assheton, 1906) It therefore seems credible that the follicular stimulaiion 
that occurs during the early part of pregnancy is due, directly or indiiccll}, 
to the production of chemical or hormonal substances m the developing tropho- 
blast (see Wislocki & Streeter, 1938) In the goat the increased activity in the 
follicles IS associated with the production of new oocytes and also niultijilc 
oogonia The theca interna of the precociously ripening follicles is v ell developed 
in the goat, and thus if the present luew that the theca mterna is rcsiioiisiblc 
for the production of estrogen is correct (see Mossman, 1937, Corner, 1938), 
then the follicular growth and ovogenesis that occur at this tunc may veil be 
caused by the increased amounts of estrogen In tins conne\ion the obstiva- 
tions of Asdell (1946) and Cole & Hart (1942) that estrogen is first delected m 
the urine of pregnant mares from the 30th to 40th day of pregnancy appears 
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rele\ant Although the estrogen m the urine of pregnant animals is almost 
certainly produced bj the placenta (see Comer, 1938, for re% lew) the possibditj 
that estrogen is produced m the ovarj during the end of the first phase of 
h} pertrophj of the corpus luteum has now to be considered 

It has been shoim that estrogens prolong the life of the corpus luteum (see 
Robson, 1937 and AUen, Danforth & Doisj , 1939) and thus the actn lU of the 
corpus luteum dunng the first phase raaj w ell be prolonged bj the presence 
of estrogens As has been suggested aboi e this estrogen is possibly produced 
m the o\ arj at first, and then later from the placenta 

During the period of readjustment m the corpus luteum of the goat, which 
extends from the 35th to the 45th daj at least, manj of the luteal cells show 
a large lacuole, which later disappears A transition penod similar to this is 
also present in the corpus luteum of the sow about the 40th daj (Comer, 1915) 
It has been shown that there are tliree types of cell present among the luteal 
cells in the corpus luteum of the goat at this stage and these tj-pes probablv 
indicate i arying degrees m activ itj on the part of the luteal cells This period 
of readjustment has been associated by van der Horst and Gillman wuth the 
time at winch the function and actmtj of the placenta is being established 
It IS significant that m the ungulates generall} it is from the 30th daj onwards 
into the second month of pregnancj' that the foetal membranes become fairlv 
firmlj' attached to the cotjledons bj finger-like processes that eat their waj 
into the tissues of the cotjledon (Hammond, 1927) In the sheep Assheton 
(1906) states that bj the 35th daj there is a laj er of trophoblast cells present 
everywhere in the crjpts as a thm and irregular limng Examination of the 
foetal membranes of the specimens used for this paper indicate that a similar 
state of affairs exists m the goat 

Dunng the second stage of readjustment the follicles that had precociouslj' 
ripened in the first phase are startmg to become atretic and even cjstic This 
maj be due, as %an der Horst and Gillman have suggested m the case of 
Elephanltthis, to the action of progesterone Gillman (1942) and Gilbert <SL 
Gillman (quoted in van der Horst and Gillman, 1946) hai e showai that a single 
administration of progesterone in the baboon causes cj'stic follicles to appear, 
whilst prolonged administration of the hormone causes follicular atresia In 
the goat it is mainlj" the follicles m which an antrum has dei eloped that take 
part in the precocious npenmg during the first phase, possiblj'^ because the 
mitogenic effects of the estrogen then present surpass the atretic effects of 
progesterone 

Estrogens also cause an increased secretion of the luteahzmg hormone from 
the pituitarj (Fes old, Hisaw &, Greep, 1938) Thus the increasing amount of 
estrogen, presumably now produced bj tlie placenta, maj explain the changes 
that occur m the corjius luteum of the goat, the sow , and Elephantidus during 
the earlj part of the third phase of the dei elopment of the corpus luteum 
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SUMMARY 

1 An account is given of ovogenesis, follicular development and gron th, 
follicular atresia, and the development of the corpus luteum m the oi^ancs of 
23 non-pregnant and 18 pregnant goats 

2 Polyovular follicles and polynuclear ova are commonly found in ovaries 
of animals killed in proestrum and m estrus and also during a certain period 
of early pregnancy Darkly staining bodies are found in the zona pellucida 
of precociously developed oocytes m ovaries obtained during late estrus It is 

that these bodies are the nuclei of granulosa cells incorporated in 
the zona pellucida 

3 A marked thecal gland develops during proestrum Localized prolifera- 
tion of the theca interna gives rise to a thecal cone Three types of thecal cone 
are distinguished during the development of the follicle 

4 The usual two phases of follicular growth are found, the equations of the 
regression Imes being phase a, y=B2 52 -fO 156®, phase 6, i/ = 93 6-FO 0058a. 

5 Atresia is maximal in the medium-sized follicles a few days after the 
onset of estrus A precocious development of follicles occurs during the 20th to 
the 42nd day of pregnancy, which is followed by widespread atretic changes 

6 The luteal cells are derived from the granulosa cells, and the theca interna 
cells are incorporated among the luteal cells The theca interna cells do not 
give rise to reticulum, the latter apparently being derived from the endothelial 
cells 

7 The corpus luteum in non-pregnant ammals reaches its maximum 
diameter by the 12th day after ovulation Many of the luteal cells show 
peripheral vacuolation at tins time The theca interna cells are difficult to trace 
after the 15th day and it appears that they degenerate after this time 

8 The changes occurring m the retrogressing corpus luteum are described 
The presence of luteohpin could not be demonstrated, but staining vitli 
Sudan III showed the' presence of droplets of higher hpids m degenerating 
luteal cells for 6 weeks after ovulation 

9 Four phases of development of the corpus luteum of early pregnancy are 
foimd The first phase is one of steady growth and lasts for about 35 days, the 
second phase lasts at least 10 days and is marked by the appearance of a large 
vacuole m the cytoplasm of many of the luteal cells During the third phase 
the vacuoles disappear, and in the fourth phase, commencing at the 60th day, 
many of the luteal cells hav,e slirunk and are more darkly staining 

10 The stages of development of the corpus luteum m the goat are com- 
pared with those described for other ungulates and are also discussed in tlic 
light of recent work on the corpus luteum of other mammals It is suggested 
that the phases of development of the corpus luteum m the goat are related to 
the development and activity of the placenta 

The author would like to thank Mr Donald Topping and Mr G Barr for their 
assistance with section cutting and photograph} He is also greatlv indebted 
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EXPLANATION OF PLATES 

Plate 1 

Fig 1 Section through the cortex of an ovary from a goat killed 2 days before the onset of estrus 
Two binuolear oocytes are shown x 180 

Fig 2 Section through the cortex of an ovary from a goat killed on the 3rd day after the onset 
of estrus Examples of polj ovular folhcles and polynuclear ova are shown, evidence of earlj 
degeneration is present x 250 

Fig 3 Section through a polynuclear oocyte from an ovary of a goat killed m estrus Remnants 
of what are probably degeneratmg cell membranes can be seen m the oocyte x 500 
I'lg 4 Section through a polynuclear oocyte from an ovary of a goat killed on the 2nd day after 
the onset of estrus The oocyte contamed ten nuclei altogether x 400 
Fig 5 Section through a precociously enlarged oocyte from the ovary of a goat killed in estrus 
Elongated darkly staimng bodies can be seen m the zona peUucida x 550 
lig 6 Section through a do velopmgfolholem an 01 arv from a goat killed dunng proestrum The 
section has passed obhquely through the follicle and shows a well developed primary external 
thecal cone The oocyte was present m the remammg sections x 150 

Plate 2 

Fig 7 Section through a dcielopmg follicle m an ovary from a goat killed in proestrum An 
internal thecal cone is shoivn x 70 

Fig 8 Section through a dcielopmg foUiole m an ovarj from a goat killed in proestrum A de 
V eloping secondary external thecal cone is shown x 70 
Iig 9 Section through the walljOf a matunng folhcle on the 5th day before the onset of estrus 
The theca interna cells fill the area between the two white marks on the photograph x 600 
Fig 10 Section through the u all of a matunng folhcle on the 1st day before the onset of estrus 
The theca mtem-i cells fill the area between the two u hite marks on the photograph x 600 
Fig 11 Section through the wall of a precociously matunng follicle on the 33rd day of pregnancy 
The theca mtema cells fill the area betneen the tuo white marks on the photograph x 600 

Plate 3 

1 ig 12 Section tlirough the de velopmg corpus luteum The goat n as kdled 12-24 hr after 
ovulation x 70 

Fig 13 Section through the developmg corpus luteum The goat uas kdled 36— 18 hr after 
ovulation x 70 

Fig 14 Section through the developmg corpus luteum The goat was killed 7 days after ovulation 
x70 

Fig 15 Section through the fully der eloped corpus luteum The goat was killed 12 days after 
onilation x 90 

big 16 Section tlirough the degeneratmg corpus luteum The goat nas killed 20 days after 
ovulation x 70 
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Plate 4 

Fig 17 Section through a degenerating corpus luteum stained uith Sudan III Tlio corpus 
luteum IS at least 24 days old x 70 

Fig 18 Section through a degenerating corpus luteum The method of degeueration of the luteal 
cells IS shown x 650 

Fig 19 Section through the corpus luteum of pregnancy The animal had been pregnant for 
33 days x 90 

Fig 20 Section, through the corpus luteum of pregnancy The animal had been pregnant for 
46 days Large vai.uoles can be seen in the luteal cells x 300 

Fig 21 Section through the corpus luteum of pregnancy The animal had been pregnant for 
55 days x 70 

Fig 22 Section through the corpus luteum of pregnancy The animal had been pregnant for 
60 dajs X 70 
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HISTOPHYSIOLOGY OF THE LBIB-BHD OF THE FOTO 
DURING ITS EARLY DEVELOPMENT=*' 

By P B V 'W'E/'EL, University of Indonesia, Batavia, Java 
{From the Stiaiigeioays Research Laboratory, Cambridge, England) 
INTRODUCTION 

Although the morphogenesis of the fowl hmb-bud has been studied fairly 
exhaustively (Fell 1925, Fell A Robison 1929, Fell & Canti 1934) little is known 
of the histochemical and physiological changes that occur in the tissues during 
differentiation Ohserv’’ations on the chemistry of the developing hmb-bud 
w ere made by Fell & Robison (1929), who investigated the alkaline phosphatase 
content before differentiation and after ossifying cartilage had developed 
phosphatase was not found m the undifferentiated hmb-bud, but occurred in 
the ossifying rudiment, the amount of phosphatase being correlated with the 
amount of hypertrophic cartilage and bone which had been formed Barnett 
«& Bourne (1942) studied the distnbution of ascorbic acid in tissues of the 
developing chick 

In the fowl the morphological developmental potencies of the various regions 
of the hmb-bud are already determined before histological differentiation has 
begun It therefore seemed interesting to discover whether any histochemical 
differences could be detected between areas of different developmental potencies 
before their characteristic histological differences were distinguishable 

The present investigation compnses a histochemical and cytological study 
of the hmb-bud during its first days of development To define the develop- 
mental potencies of \anous regions experimentally, fragments of the limb-buds 
were excised and allowed to develop in vitro The results recorded below show 
that by suitable methods certain histochemical and cjdological differences can 
be demonstrated between areas of different developmental potencies, before 
any general cytological differentiation is fusible Some of the histochemical 
and cytological changes which the mesoderm undergoes in the course of 
differentiation are also described 

JIATEUIAL AND METHODS 

The limb-buds of chick embr3ms ranging in age from 3 to 5^ days w ere used 
{a) General histological methods 

For general historogical study the limb-buds were fixed in Bourn’s fluid and 
dchj'drated with the ordinarj’’ alcohol senes or with dioxan (di-cthylene- 
dioxidc) Sections were cut it Gy and stained with either Delafield’s haema- 
toxj hn and eosin or w ith Heidenham’s iron haematoxylin 

* Thig uork ivag done in 1930 but, owing to the war and the author’s unexpected departure for 
the Netherlands East Indies, publication of this paper has been dclajcd 
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(b) Cytological methods 

For more precise microscopical study the tissue uas fixed in either CarIlo^\ 
fluid, or in Allen’s or in Dubosc-Brasil’s modifications of Bonin’s fluid The 
material was embedded in paraffin or celloidm-paraffin and the sections (5-10/i) 
were stained with Heidenham’s iron haematoxyliii, toluidin blue or Dclaficld’s 
haematoxylin and eosin 

To demonstrate mitochondria the limb-buds were fixed in Champy’s or 
Flemming’s solution (without acetic acid) and stained n ith iron liaematoxylin 
The mitochondria were also examined m fresh tissues Longitudinal and trans- 
verse sections of the limb-bud were cut by hand at an approximate tlnckncss 
of 50-100 p, and stained supra- vitally with Janus green B 

To show the Golgi substance the limb-buds were fixed in Champy’s solution 
and then, after rigorous rinsing m tap-water, immersed in 1 % osmic acid for 
9 days at 37° C The sections (3-5/z) were examined unstained 

The effect of vital staining with toluidin blue and neutral red uas studied 
by immersing longitudinal and transverse sections of fresh limb-buds like 
those prepared for staining with Janus green B, in solutions containing 
1 10,000-1 100,000 of the stain Most of the sections weie stained at room 
temperature, but some at 37° C The lowei temperature was preferable as tlic 
reaction proceeds more slowly and could be moie easily followed Some 
sections were observed continuously under liigh magnification from the 
beginning of the experiment so that the successive stages of the reaction could 
be watched 

(c) Histocheimcal methods 

Fait Transverse and longitudinal sections of limb-buds cut by hand were 
immersed in a solution of Sudan black or red in 70 % alcohol Similar sections 
were placed in 2 % osmic acid and kept under continuous microscopic observa- 
tion for 2 lir 

Limb-buds were also fixed in Champy’s or Flemming’s solution without 
acetic acid, and transferred to an alcoholic solution of sodium sulphide (one small 
crystal in 3 c c of 70 % alcohol) for 24 hr The buds were treated v itli dioxaii 
and embedded in paraffin ivax 

Glycogen Material was fixed in Carno5'^’s, Cliampy’s oi Allen’s modification 
of Bourn’s fluid and dehydrated m dioxan It was then infiltrated vitli 
celloidm by a modification of Apathy’s method recommended bj' Jacobson 
the oil mixture consisted of 4 parts chloroform, 2 parts oleum origanum, 
4 parts cedar- wood oil, 1 part phenol ciystals The limb-buds were embedded 
in paraffin wax and sections were stained with Best’s carmine, Bauer s method 
and with Langhans’ solution of iodine 

Ascorbic acid The limb-buds were quickly rinsed m distilled water and 
immersed for 30 mm , in the dark, in an acidified solution of siU cr nitrate 
(0 5 c c acetic acid in 10 c c 10 % silver nitrate solution) They ncrc then 
washed, in the dark, for 1 hr in repeated changes of distilled nater and 
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embedded (again in the dark) in paraffin The sections i\ere treated -nith 
51 saturated solution of hyposulphite or alternatively the entu-e bud was 
immersed in the same solution for 1—2 hr before embedding 

To obtain a better fixation than the above technique afforded, a new method 
■was elaborated the limb-buds were fixed in the dark for 30 mm m Carnoj ’s 
solution, to which 10 % silver nitrate was added Nucleus and cytoplasm 
were generally better preserved than in the preparations made by the previous 
technique and the ascorbic acid showed the same distribution 

(d) Tissue culture 

A fragment of the limb-bud w as excised and explanted by the hangmg-drop 
method in a mixture of plasma and embryo-extract The rest of the bud w as 
fixed and sectioned so that the precise limits of the part removed could be 
determined 

The embryo extract was made wuth Pannett and Compton’s saline Most 
of the experiments w'ere carried out with saline containing 1 % glucose (as 
suggested by Fell), which seemed to improve growth and differentiation The 
explants were transferred to fresh media every 4 days 

OBSERVATIONS 

The general histological development of the hmb-bud during 
the first 5| days' incubation 

The hmb-bud of the 3-day embryo shows no morphological differentiation and 
consists of mesenchyme with rather wide intercellular spaces and an irregular 
capillary network The mesoderm at this stage appears sjmcytial after most 
fixatives, so that only dividing cells show a cell boundary, as previously 
stated bj' Fell (1925) this appearance is an artefact and in material fixed m 
Champy’s fluid definite cell outlines are readily distinguishable (Fig 1 ) 

Differentiation begins in the proximal part of the bud where the mesen- 
chyme condenses to form procartilage The cells m the interior of this compact 
mass gradually become arranged in layers and soon differentiate into tjqncal 
young cartilage cells In the oldest stage examined (5i days) cartilage was 
well developed and ossification had often begun For further details of the 
histogenesis of cartilage and bone the reader is referred to the investigations 
of Fell (1925) 

The differentiation of muscle is first distinguishable after 4i days’ incubation 
In the proximal part of the bud some of the cells surrounding the stretched 
rudiment lengthen and grow out along the femur to form bundles of myoblasts 
Fibrils appear m the cytoplasm and in the 5^-day rudiment are slightly but 
definitely striated 

The muscles of the tibial region differentiate later than those surrounding 
the femur and their site in the mesoderm is less clearly defined In the meta- 
tarsal region the muscles begin to appear at about the 5th day of incubation 
The histological picture suggests that the myogenic cells grow in a proximal 
direction from the end of the foot rudiment 


4-2 
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Cyiologtcal and hstocheimcal changes m the limh-hud 
(a) The undifferentiated limb-biid (3 days) 

Although no morphological differentiation is visible at the 3rd day, regional 
differences of a histocheniical nature can be demonstrated by appropriate 
methods 

The cytoplasmic inclusions (mitochondria, Golgi complex, cell granules, fat) 
present the same appearance tlnoughout the mesoderm In material supra- 
vitally stained ivith Janus green B, the mitochondria are seen as long, slender 
threads with occasionally some short, stout rods Sometimes graniilai sm ellings 
can be observed m the filaments The same picture can be found in ivcll-fixcd 
preparations 

The Golgi complex, which lies at one side of the nucleus, consists of a loose 
network (Fig 1) Fat globules can be seen both in hvmg cells and after post- 
vital staining ivith 2 % osmic acid or with Sudan black or red Tliej'^ occur 
throughout the cell but tend to congregate round the Golgi zone The fat 
globules are difficult to fix, even when the limb-bud was immersed for 24 hr 
m 2 % osmic acid at 37° C they could rarely be stained unless the tissue was 
treated with sodium sulphide 

Vital staining with basic dyes shows marked differences in various cell- 
layers After 15 min treatment with toluidm blue or neutral red tiny granules 
are seen in the epidermis and the underlying mesoderm They arc grouped m 
the Golgi zone and stain metacliromatically with toluidm blue, assuming 
a deep or even bright crimson coloration They become yellowish witli neutral 
red After more prolonged staining with toluidm blue very minute granules 
which stain reddish violet appear de novo in the epidermal cells, often as small 
chains distributed between the bigger granules in the Golgi zone Although 
their nature is obscure they appear to be quite distinct from the Golgi sub- 
stance, as the chains are irregularly distributed in the Golgi zone, wlicreas the 
Golgi net IS a general cell structure in this phase of development (see also 
Ries, 1938 for vital stainmg phenomena in the Golgi zone) 

After 1-1^ hr immersion in the toluidm blue solution more regional 
differences appear in the reaction of the mesoderm to the stain The cytoplasm 
of the epidermis and peripheral mesoderm stains bright blue while the granules 
become deep purple, but the axial tissue, which is destined to form cartilage, 
hardly ever shows a diffuse cytoplasmic staining Only the granules in the 
Golgi zone of those cells (rarely a few granules scattered tliroiigh the other 


parts of the cytoplasm) become a brilliant red 

It IS probable that here a true metacliromatism exists As the chondrocj tes 
foim chromotropic substances such as chondroitin sulphuric acid of the 
cartilage matrix, it seems very likely that the cells contain such substances 

in their cytoplasm also i i i i 

Regional differences, although less clearly defined, appear too m Iimb-limls 

fixed 111 Champy’b fluid and treated to demonstrate the Golgi substance, m 
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such preparations the cells of the chondrogenic mesoderm reduce osmic acid 
less than those of the peripheral mesoderm It is interestmg to note that all 
mesenchj me cells of the limb-bud reduce osmic acid more than the mesoderm 
cells of the body wall (Fig 1 6), so that a sharp borderhne appears beta een bod\ 
and limb-bud The Golgi complex of the hmb-bud also differs from that of the 
adjacent body nail, in that the strands of the network are much finer than in 
the latter (Fig la, b) 

Ascorbic acid is present in small quantities It appears evenlj' distributed 
in the mesenchyme but for a shght concentration m the anterior part of the 
base of the limb-bud, iihich is often difficult to perceive (Fig 8 a) Glj'-cogen 
could not be demonstrated in the cells 

[b) The differentiating hmb-bud (4— 5^ days) 

When histological differentiation begins, changes appear in the cj'toplasmic 
inclusions of the different regions As development proceeds the mitochondria, 
both in ^^tally stained and m fixed preparations, appear as rod-hke structures, 
although filamentous forms are also found When procartdage cells develop 
into young chondroblasts their rod-hke mitochondna agam lengthen into 
filaments 'WTiereas the mitochondria remain irregularly distnbuted m the 
mesenchyme cells and the chondroblasts, those of the myoblasts gradually 
assume a longitudinal onentation 

In preparations \ntallj stained with toluidin blue some of the mitochondria 
in all types of cell except (perhaps) those of the epidermis become metachro- 
matically stamed Similar preparations, fatally stamed with Janus green B, 
shou manj' more mitochondna per cell than those treated with tolmdin 
blue 

The Golgi complex shovs promment changes In procartdage cells of the 
4-day hmb-bud the netv ork becomes smaller than it v as m the undifferentiated 
chondrogemc tissue Small clear vacuoles v hich are also visible m the hvmg 
cell, he m the meshes of the net (Fig 2) As the development of the cartdage 
advances the strands break up and shorten, while granular swellmgs appear 
m the non thickened Golgi substance The break-up of the net continues untd 
only short osmiplulic rods and granules remam A distinct difference betv een 
the flattened and rounded cells of the diaphyseal, intermediate and epiphyseal 
regions appears, in the flattened cells (Fig 3) the Golgi net disintegrates more 
extensively than m the round cells (Fig 4) and becomes reduced to granular 
osmiplulic remnants 

The Golgi net of the mesenchymatous hmb-bud cells gradually changes its 
form to that of the mesodermic cells of the adjacent bodj nail the strands 
shorten and thicken and the distmct but fragile net disappears (Fig 5a) 

In the myogeme cells also the Golgi net shovs a tendency to break up into 
small fragments and in more advanced stages of deaelopment a defimte 
netu ork is seldom distinguishable 

During the early stages of dea elopment, as aheadj described, the reducing 
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power of the cytoplasm towards osmic acid differs m the various regions 
of the hmb-bud As differentiation progresses, hovever, the mesenchj me*’ cells 
gradually lose this power, so that in the 5^-day bud the cytoplasm of tliese 
cells IS almost colourless after treatment with osmic acid 

Fat globules can be demonstrated m the Golgi zone of all types of cell both 
in the untreated living material and in that post-vitally stained with Sudan red 
or black, oi fixed with osmic acid The fat content is higliei in the mesenchyme 
cells than in the chondroblasts It appears that the small vacuoles m the Golgi 
zone of the chondroblasts do not contain fat 

Wlien vitally stained with toluidin blue the 44-day hmb-bud shous the 
same reaction as the undifferentiated bud (Fig 6) epidermis and mesenchyme 
appear diffuse blue and each cell contains a few big purple granules and chains 
of smaller pai tides The vacuoles of the Golgi zone do not take up the dye In 
the cells of the epiphyseal and diaphyseal zones of the early caitilagc similai 
chains of small granules are seen in the Golgi zone, but occur only very rarely 
in the flattened cells of the intermediate zone (Fig 7) 

More prolonged staining with toluidin blue produces essentially the same 
effect as in the undifferentiated hmb-bud, the cytoplasm of the epithelial cells 
and the peripheral mesenchyme stains diffusely blue, but that of the chondro- 
blasts remains colourless 

The changes in the distribution of ascorbic acid during diflfeientiation arc 
interesting The concentration demonstrated in the anteiior basal region of 
the 3-day hmb-bud becomes more and more distinct (Fig 8a) until between 
the 4th and the 5th day it has formed a ring round the basal part of the bud 
(Fig 8b) As differentiation advances still further, however, this basal con- 
densation disappears (Fig 8 c), but careful microscopic examination shows 
that the myoblasts contain more ascorbic acid than the mesenchyme cells, and 
also more than the chondroblasts, which contain very little At the same time 
(5^ days) a new condensation appears in the distal part of the bud (Fig 8 c) 
and soon breaks up into secondary groups lymg between the cartilaginous 
metatarsal rudiments 

The general behaviour and distribution of ascorbic acid in the hmb-bud 
at different stages of development strongly suggest that the local concentra- 
tions of this material 'represent the myogenic regions, but this view required 
experimental verification (see below) 

Since the unmeubated egg contains no vitamin C this must be synthesized 
by the cells, but the black granules seen in the preparations are scattered 
iriegularly in the cytoplasm (Fig 9) so that there is no evidence as to vhicli 
part of the cells forms it Besides the black granules the cells contain broivnish 
granules also which obviously have a lower reducing power and uhosc nature 
IS unknown 

Again, glycogen fails to show in the cells of the early developing stages 
Even the myogenic region lacks it, until true muscle cells develop In these 
cells glycogen could be demonstrated for the first time 
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Experiments on the developmental potencies of different regions 
of the limb-biid mesoderm 

Although a definite boundarj’^ between the nij’^ogenic and chondrogeiuc 
tissue cannot be demonstrated microscopically m the 3-day bud, it must be 
fairlj' sharp Thus ■when a senes of evplants was made, each explant extending 
a little farther into the intenor of the bud, a point was reached at which one 
explant formed only muscle wdiile another onl\ shghtlj larger formed both 
muscle and cartilage In the undifferentiated distal part of the older limb-buds 
it would seem that in the tibial region the myogenic and chondrogemc centres 
of differentiation he i erj^ close together and that the former is a ery narrow , 
since it was found impossible to make explaiits which contained myogenic 
tissue onlj , both cartilage and muscle always developed 

To test the view that the tissue with the higher ascorbic acid content was 
the myogenic region, explants of the ascorbic acid concentration of the 3-day 
hmb-bud were excised and cultivated in vitro By the 10th passage these 
cultures contained abundant mj oblasts No muscle developed in similar 
explants of the foot region, however, before the appearance of the distal con- 
densation of ascorbic acid, but w hen these condensations appeared, i e betw een 
the 5th and the 6th day, explants of the foot produced muscle in vitro 

DISCUSSION 

Whilst the surrounding mesenchyme cells readily absorb basic dj^es little 
absorption by chondrogemc cells was observed Unfortunately it is not yet 
possible to interpret the difference m absorption of basic dj'es in terms of 
different protein structure 

On the other hand, the presence of metachromatically stamed granules in 
the cytoplasm, especially m that of procartilage cells and chondroblasts, may 
indicate the presence of sulphuric acid esters of high molecular weight, of 
which two kinds are knowoi to occur m niesenchjmatous structures, mz 
mucoitin sulphuric acid m connective tissue-ground substance and chondroitin 
sulphuric acid in cartilage matrix It is interesting that the undifferentiated 
mesenchjme cells which give rise to both connective tissue and cartilage, 
contain metacliromatically stained granules in their cytoplasm, thereby 
indicating that these substances are not extracellular products It is possible 
that the use of muciiiase, an enzyme that splits mucoitm sulphuric acid, might 
allow a further analysis of the obscri cd nietacliromatic granules 
Whether the stronger reduction of osmic acid by the cytoplasm of pro 
cartilage cells is due to a higher content of glucosamine, one of the breakdown 
products of chondroitin sulphuric acid, needs further iiu estigation It is 
interesting to note that a high content of ascorbic acid is only found in cells 
destined to form muscle tissue and at a stage preceding histological differen* 
tiation It is a striking point that gh cogen fails to appear in these cells before 
thej are differentiated into muscle fibres 
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SUMMARY 

1 The vital staining processes and the changes in the cell structures ol the 
various regions during the early differentiation of the limb-bud of the foiil are 
described 

2 Fats and ascorbic acid could be demonstrated in the cells Glycogen oii 
the other hand could not be found with the help of various histochemical 
reactions 

3 The experiments with vital stammg showed that there must be a phj sio- 
logical differentiation in the limb-bud before any morphological diflerentiation 
could be detected The procartilage cells show no diffuse stammg of the cyto- 
plasm, whefeas the other cells appear diffusel}’^ stained blue nith toluidm blue 

4 The distribution of ascorbic acid also indicates an earlj^ differentiation 
as it IS concentrated m the future muscle cells Experiments vith tissue 
cultures made it highly probable that differentiation into myoblasts onij 
occms when the concentration of ascorbic acid in the cells can be demonstiated 

5 The changes of the mitochondria and the Golgi complex during the early 
developmental stages of the limb-bud are described 

I am indebted to Dr H B Fell, Director of the Strangeways Ilesearch 
Laboratory, for hei help and advice during the course of the investigations 

My thanks are also due to Dr W Jacobson of the same Laboratory, whose 
suggestions and kind help were very valuable to me 

These investigations were made possible by a grant fiom the ‘Dondersfonds’ 
at Utrecht (Holland) I ivish to express my gratitude to this institution for 
its donation Also I am very grateful to Dr J Needham, Institute of Bio- 
chemistry, Cambridge, who made it possible for me to stay at Cambridge 
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EXPLANATION OF PLATES 

Plate 1 

Fig 1 Golgi comple'c m cells of the 3 day bud (o) procartilage cells (6) cells at the border line 
between body and bmb bud I, cells of the body wall, IT, mesenchyme cells of the limb bud 
Fnatire Champy, osmic acid 9 days x 900 
Fig 2 Golgi complex of procartilage x 900 

Fig 3 Golgi complex m flattened cartilage cells of the 5 day bnd x 900 
Fig 4 Golgi complex m the rounded cartilage cells of the 5 day bud. x 900 
Fig 6 Golgi complex in mesenchyme (o) and cartilage (6) of the 4-day bud mtt mitochondria 
x900 

Plate 2 

Fig 6 General view of 4J day bud vitally stamed with tolmdm blue The degree of stainmg is 
represented by the closeness of the stippling Epithehnm and mesenchyme diffusely blue, 
cartilage nnstamed Note degeneratmg cells (d c ) which stam diflusely deep blue 
Fig 7 Vanons cells of the 5 day bnd, vitally stained with tolnidin blue (o) Jlesenchyme, 
(b) rounded, (c) flattened cartdage cells Note the metachromatically stamed mitochondria 
x900 

Fig 8 Distribution of ascorbic acid m the limb bud Longitudmal sections Dense stipphng 
mdicates condensation of ascorbic acid (a) 3 days, (6) 44 days, (c) 54 days x 20 
Fig. 9 Distnbution of ascorbic acid m the cells of a 3 day bnd I, cells of the region of con 
centration, IT, cells of the apex of the limb bud, a ascorbic acid, ii nucleus x 800 
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THE COMPARATIVE ANATOMY OF THE 
INGUINAL LIGAMENT 

ByH f lunn 

Depaitmeni of Anatomij, Royal College of Swgeons of England 
INTRODUCTION 

Since the description of the inguinal ligament by Falloppius (15G2) tlicrc has 
been much uncertainty regarding its nature, importance and function in j\Ian 
The name of Poupart (1705) is remembered more for his brief communication 
on this subject than for all his surgical attainment Haller (1774) realized that 
Poupart had referred to ‘ hgamentum Falloppn pro re nova ’ Nacahstcr (1800) 
has given a full aecount of this eai ly history 

In 1793, Gimbernat added his description of the pectineal part of the ingiimal 
ligament and is known to have demonstrated it to John Hunter while visiting 
London Cloquet (1817) referred to Gimbernat’s ligament as a term m cuircnt 
use in England Astley Cooper (1827, 1830), m his tieatises on the testis and 
on hernia, gave accounts of his ‘ligament of the pubis’, now known as the 
pectineal ligament 

Parsons (1903) doubted whethei an inguinal ligament was present in mammals 
other than Man and considered that ‘in the lower mammals Poupart’s ligament 
as a definite structuie can hardly be said to exist’ Following the compaiisons 
made by Keith (1894, 1921) between Man and othei Primates, current opinion 
inclines to the view that the inguinal ligament is peculiar to Man and that the 
mechanism of the groin has been fundamentally changed from that found in 
othei animals in order to meet the demands of the erect posture In a leccnt 
paper on this subject Miller (1947) draivs attention to these ‘fundamental 
differences’ yet also finds that the inguinal canal of Man is ‘fundamentally of 
the same plan as in other Primates ’ 

The purpose of the present paper is to look beyond the Primates and to sec 
whether any basic principles can be found vitliin the animal kingdom vhich 
will assist in the understanding of the human groin and in the dispeisal of anj 
doubts and errors that exist 

MATERIAL AND METHOD 

The animals listed below have been examined in order to ascertain the dis- 
position of the structures in the region of the groin Speci.al icference has liccii 
made to the attachments of the abdominal muscles and to fascial condensations 
which merit description as distinct structures 

Dissection and measurement of most of this mateiial vas commenced before 
fixation The distances between bony points v ere found to be determined v itii 
greater accuracy while the o^ eilymg soft tissues vere fresh At the same time 
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the transparent undifferentiated connective tissue vas distinguished more 
easilj from such tissue that had been rendered opaque by the condensation of 
collagen Dissection vas completed after fixation m 5% formalin In a fev 
instances material was taken from the stores of the Royal College of Surgeons 
of England The remainder v as obtained from the Zoological Society of London. 
The following ammals have been dissected 

(Nomenclature m accordance mth the of the Veriebraled Animals exhibited 
m the Gardens of the Zoological Societij of London Vol i, London, 1929 ) 


REPTILIA 

— 

Crocodylus paluslns 

MONOTREiVIATA 

— 

Ormthorhynclnis paradoxus 

MARSUPIALIA 

— 

Macropus ualabatus (2) 

XENARTHRA 

— 

Choloepus didactylus 

ARTIODACTYLA 

Bovid ve 

GinAFTTOAE 

Anoa depressicornis 
Connochaetes gnu 
Cephalophiis dorsalis 
Giraffa reticulata 

HYRACOIDEA 

— 

Procavia capensis 

RODENTIA 

SciuRin VE 

MaoevsToniDAE 

Cavuid.ve 

Euxerus erythropus 
Myocaster coypus 

Dolichotis magellanica 

PINNIPEDIA 

— 

Zalophus califormamis 

CARNIVORA 

Felid ve 

Canidae 

Pkocvonidae 

Acinonyx jubatus 

Lycaon pictiis 

Procyon lotor 

Nasua nasua 

CmROPTERA 

— 

Pteropus medius 

LIPOTYPHLA 

— 

Erinaceus europaeus 

IMENOTYPHLA 

— 

Tupaia insigms 

PRiaiATES 

CEUCOriTircCIDAE 

Colobus polykomos 


Cercopitheciis iiiona 
C niclitans {2} 

C aethiops 
C tantalus (2) 

PoNGiD VC Gorilla gorilla 

Reptiles 

In quadrupedal reptiles (e g crocodile, Fig 1) it is possible to distinguish 
a tendinous arch over the psoas muscle {E) and femoral vessels (F) as they 
pass behind the abdominal muscles on their uaj' to the thigh There are also 
other arches over the origins of the muscles of the adductor group The lov er 
fibres of the internal oblique (C) and transversus (D) take attachment from 
these arches and sweep towards the niid-hne The external oblique (B) has 
a muscular distal border w Inch blends w ith these arches deeplv and is attached 
superficial!} to the skin crease of the groin 
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Fig 1 The groin o£ a crocodile (Orocodi/lus paluslris) (4) Tfao rectus abdominis, out through its 
proximal fibres (B) The external oblique whioh has been retracted medially to display the 
bilum of the hind limb (G) The mternal oblique attached to a thm but distinct crural arch 
(D) The trans versus abdomims with a similar attachment for its lower fibres (B) The psoas 
(jF) The femoral nerve (and artery) (G) The epipubic cartilage (5) The pubic bone {/) Part 
of the distal attachment of the rectus abdominis 

Mammahan p^onograde quadrupeds 

(1) Musmlai attachments The anatomy of the mammahan groin is found to 
follow the principles seen in the reptiles The fibrous arch over the psoas muscle 
IS a constant feature of mammahan anatomy and serves as the attachment for 
the lower fibres of the internal oblique It was known to the older anatomists, 
Gimbernat (1793) and Astley Coopei (1827), as the crural arcli The transversus 
abdomims is attached m part to this arch and m part to the fascia covering 
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ilio-psoas (to the tendon of the psoas minor when present) These basic attach- 
ments to the deep component of the mgumal ligament are constant whether 
the external oblique contributes to it or not 

Wien the external oblique consists of muscular fibres at its distal border, 
these fibres are attached to the underlying internal obhque muscle by loose 



Fig 2 Dissection of the abdonJiDal muscles of a eea lion cati/orniauw) (^) The rectos 

abdominis overlapped m part by fibres of the external obhque {B) The internal obhque 
found, after removal of the orerlymg external obhque fibres, to be attached to the crural arch 
(C) The cremaster, the fibres of which con be traced upwards to be continuous with those of 
the transversus abdoiuims (D) The muscle fibres of external obhque are disposed as a thin 
flat sheet which sweeps distally oier the grom and blends with the deep fascia of the thigh 
There is no aponeurosis of the external obhque m this case {E) The superficial mgumal nng 
throngh which the B^ermatic cord passes on its way to the subcutaneous pouch m which the 
testes are lodged 

areolar tissue In such a case (sea-lion. Fig 2) onlj the deeper components 
of the inguinal ligament are present and the external obhque does not 
eontributc to it 

When the distal border of the external oblique is aponeurotic, it arches over 
the psons muscle and tlic femoral x essels, blending deeplj with the crural arch 
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-1’-- of the pnb,s 

the tWh S ^‘^oomes continuous ^Mth the deep fasem of 

the thigh This may conceal the thickening m the uiturned margin of the 

aponeurosis which, although never so ^vell marked as m Man, is sulReient to 

to tl f ligament is present The aponeurosis is adlierent 

to the underlying lower fibres of the internal oblique but not so f.rnilj that 



Fig 3 Dissection of a, hyrax {Procavia habessiiijca) (/I) The extomal obhquo which pnssei into 
an aponeurosis near the mid Ime anteriorly, and also along its distal border which is mtunied 
The distal three digitations are widely separated Irom each other u lien the thighs are abducted, 
and through the most distal of these mtervals large vessels and a nerve pass into the skin of 
the groin (B) The internal oblique seen between two of the digitations of external oblique, 
with a characteristically arched lower border (C) Vessels and a nerve passing into the skin 
of the grom (D) Tlie thickened, intumed edge of the aponeurosis of the external oblique 
(E) The testis and epididymis which are permanentlj' intrn abdominal, and which have played 
no part in the disposition of the structures desenbed abov e 


such fibres could be said to arise fiom the inguinal ligament No detail of this 
arrangement can be held to have resulted from the descent of the testis J he 
same geneial description applies both to testiconda (e g hyra\, Fig 3) and 
to those animals m which' the testes descend (e g cavy, Fig 4) 

(2) Comjya') aUve measii^ emenis The tx\o inguinal ligaments subtend between 
them a smaller angle m the pronograde quadruped than m j\Ian, the average 
measurements being approximately 60 and 90° respectively riuis in quad- 
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rupeds the direction of the inguinal ligament is almost the same as that of the 
lateral border of the rectus abdominis, -nhich thus gn es support to the inguinal 
canal in those forms in n hieli testicular descent occurs 



Fig 4 Lateral vicTT of the groin of a Patagonian ca\'y(2?o/icto(tflmaje/lanica) The left thigh has 
been widely abducted and the external obhque lias been drawn proxiinallj away from the 
mner surface of the thigh with uhich it is normally in contact (i4) ThicLening m the psoas 
fascia (B) The psoas (C) The aponeurosis of the external obhque freed from the fascia lata 
and retracted proximally (D) The pectineal part of the inguinal ligament (E) The external 
oblique muscular part (F) The external obhque, central tendmous part (G) Muscular fibres 
forming the superficial inguinal nng (ff) The testis enclosed in the external spermatic fascia 
(/) The penis (J) The tail 

The length of the humin inguinal ligament is usually measured from the 
anterior superior iliac spine to the pubic tubercle (e g Panton, 1929) As it is 
rarely possible to find a point homologous xnth the pubic tubercle in mammals 
other than JIan, the distance between the anterior superior iliac spine and the 
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inguinal ligament gives attachment to the cremaster muscle from its conca\ c 

proximal surface and is loosely adherent distally to the reticular deep fascia 
over pectmeus 

I 

CONCLUSIONS 

A study of the mammalian groin reveals the presence of ligamentous con- 
nective tissue in a plane vential to the pelvic girdle Despite p^e^ ions doubts 
and denials, such tissue has been identified by the writei in each of the species 
examined Structures homologous with the deep components of the inguinal 
ligament of Man, the iho-pectiiieal ligament and the deep crural aich, have 
been found to exist in all the other mammals dissected They may thus be 
described as the basic components of the mammalian inguinal hgaineiit 
A contribution from the external oblique is added to these basic stiiicturcs 
when this muscle is aponeurotic near its inferior margin The pectineal part 
of the inguinal ligament (Gimbernat’s ligament) can be identified in those 
mammals which have such a contribution from the external oblique aponcui osis 
Anson & MeVay (1940) have strongly contested the cuirent description of the 
inguinal musculatme taking origin from the inturned lover border of the 
external obhq*ue aponeurosis The results of this comparatn'’e investigation 
will lend support to the conclusions of these workers 


SUMMARY 

1 Reference is made to previous descriptions of the inguinal ligament 

2 The anatomical prmciples that underlie the formation of this ligament 
are discussed 

3 An inguinal ligament is found to be a constant featuic of mainniahan 
anatomy 

4 The external oblique aponeurosis, although a majoi component of the 
inguinal ligament in Man, is of variable importance in other foims 

5 A fibro-tendmous arch over the iho-psoas muscle and the femoral vessels 
IS a constant basic component of the inguinal ligament in all animals vith 
hind limbs 

6 The current description of the inguinal ligament m man is not compatible 
with the basic principles found to underlie the structure of the mammalian 
groin 

7 The description of the inguinal region given by Anson A MeVay (1010) 
is corroborated 


I vash to thank Prof F Wood Jones for guidance and advice, Mr R 7 Last 
for his suggestions. Miss J Dobson for help v itli references, Dr D H Tompset L 
for criticism of the diawings and Messrs Bartlett and Edvards for tcclmica 

"""itm mdebted to the Zoological Society and to Dr R E Rev ell for the 
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OBSERVATIONS ON THE INNERVATION OF 
BLOOD VESSELS 

By J W MILLEN, Department of Hitman Anatomy, Umveisity ofOxfoid* 

Some of the earliest observations on the association between the sympatlietic 
nervous system and the blood vessels were made by anatomists (Bichat, 1802 ) 
Nevertheless, despite the obvious importance of an exact knowledge of the 
nerve supply of the blood vessels in the mteriiretation of penpherarvascular 
reactions, anatomical descriptions of the pattern of vascular iimervation have 
been very conflicting 

The physiological researches of Langley ( 1921 ), Bayhss ( 1928 ) and others, 
and the results obtained from surger}’’ of the autonomic nervous system 
(Lenche, 1913 , White & Smithivick, 1941 ) have added much to our knowledge 
of the action of the vaso-motor nervms, the pathways traversed by tliem, and 
the part played by chemical substances liberated at the nerve endings on the 
blood vessels The early recovery of tone m blood vessels following sympathec- 
tomy indicates that the problems concerning the regulation of the blood flow 
in peripheral vessels are not completely solved Freeman, Smithwick & White 
( 1934 ) have brought forward evidence to show that this return of tone is 
related to an increased sensitization of the smooth muscle in tlie vail of the 
vessels to chemical substances circulating in the blood stream Their con- 
clusions, however, take no account of the possible role played by the large 
number of nerve fibres that persist in the walls of the peripheral blood Amssels 
after sympathectomy (Hmsey, 1929 , Woollard, Weddell & Harpman, 1940 ) 
Most of the anatomical descriptions liai'^e been derived from the study of 
histological preparations following silver impregnation, and the confused state 
of present-day knowledge is well exemplified in the accounts given by Stohr 
( 1935 ) and Boeke ( 1940 ) These authors tend to use extreme magnifications 
and they and others describe minute nerve fibres entering endless ground 
plexuses and periterminal networks (see Nomdez 1936 , for discussion) The 
maze of nerve fibres that they portray seems to be arranged m no particular 
pattern and it is difficult to see how such a framev ork can provide an anatomical 
basis for the physiological reactions which occur 

In striking contrast to the descriptions based on the examination of silver 
preparations are those given by Woollard ( 1926 ) ivho used cleared whole 
specimens stained intra-vitally with methylene blue Woollard, from the results 
of his investigations, was able to show that the manner of inner\ation of the 
blood vessels provides a reasonable morphological basis for physiological 
reactions In his account, however, he docs not drav any distinction bctivccn 
the elaborate arrangement of plexuses for the supply of the small arteries 

* Work earned out dunng leave of absence from Queen’s Universitj, Belfast 
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and the simpler network that supphes the arterioles and pre-capiUanes The 
illustrations to his article, made from drawmgs, err in the direction of over- 
simplification and do not com ey a clear representation of all the conditions 
found on the microscopic exammation of methylene blue preparations 

In the present paper the pattern of innervation of the smaller blood vessels 
m the stomach and in the ear of the rabbit is described, and a pomt has been 
made of lUustratmg the findings photographicaUj It unll be seen that, m 
general, the description giien approximates that of WooUard Howeier, the 
examination of better preparations has made it possible to trace the nen e 
fibres farther towards their terminations and to add further details of the 
pattern of innervation An attempt has been made also to mterpret some of 
the known phj siological reactions m terras of the anatomical fin d in gs Further, 
in the course of the im estigation, obsen ations hai e been made which suggest 
that some of the fibres described as ner\ es bj mam of those emploi mg silver 
techmques are probabh connective tissue fibres 

MATERIAL AND METHODS 

The blood \ essels studied were situated m the ear and in the stomach wall of 
young rabbits of weight 1 5-2 5 kg, and their innenation nas studied bj 
utilizing the staining properties of methjlene blue The animals formed part of 
a series used bj Feindel, Sinclair & Weddell in expenments designed to develop 
an intraienous methvlene blue staining technique for the investigation of the 
nervous svstem The preparations upon which the present paper was based 
represent some of the first successful results obtained It should therefore be 
noted that the technique here reported, although satisfactory in these particular 
instances, is not consistent A more reliable staining method has subsequently 
been dev eloped as a result of the continuation of these expenments and is now 
m the course of publication (Feindel, Sinclair & Weddell, 1948) 

For the purpose of record, howev^er, it should be stated that the animals 
reported in this paper w ere injected in the following manner From 20 to 30 c c 
of a 0 5 % solution of methylene blue (B D H ) in 0 25 % sodium citrate solu- 
tion were injected bj slow intravenous drip into the anaesthetized animal 
Following this the thorax was opened and a further injection of about 20 c c 
of meth} lene blue was made dirccth into the left v entricle under a pressure of 
apjiroxmiatelv 200 nini Hg 

Bj opening the abdomen the stomach was exposed to the air for about 
20 mm to allow blueing to occur The mucous membrane was first stripped 
from the muscular wall after washing The subsequent treatment of the tissues 
concerned followed the technique descnbed bv Weddell <!L Glees (1941) 

HISTOLOGICAL OBSERVATIONS 

In the present w ork, neither the v eins nor the larger arteries w ere examined 
but there were seen in the preparations contributions from the regional nerve 
trunks to the intramural plexuses of the arteries as descnbed bv numerous 
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authors (I&amer & Todd, 1914, Blmr, Duff & Bmglmra, 1930, IVoollord 
& Phillips, 1932) 

During the examination of methylene blue preparations from tlic stomaoli 
and ear of the rabbit it was found that them was sometimes incidental staining 
of the nuclei, and occasionally even of the cjdoplasm, of some of the smooth 
Tuuscle fibres This circumstance made it much easier to determine the exact 
relationship of the nerve fibres to the dilTerent coats of the vessel In addition 
it was noted that the fibrous and reticular connective tissue present in the 
subcutaneous 'layer of the ear and the subserous layer of the stomach vas 
sometimes well stained In PI 1, fig 1 there are shovm tv o ner\ e fibre fasciculi 
m the subcutaneous tissue of a rabbit’s ear, crossing a background of stained 
reticular fibres It is apparent from this photograph that, on first inspection, 
the reticular connective tissue strands might be mistaken for nerve fibres, but 
a careful examination of large ineces of tissue makes it jiossible to distinguish 
with certainty these strands from true nerve fibres 

In the tunica adventitia of the small arteries theie ma}’^ be seen ncivc fibics 
having a general longitudmal direction The arrangement of tliese fibres, in 
a small artery of the stomach wall, is depicted m PI 1, fig 2 vliich shovs 
portions of five fibres running m the long axis of the vessel Situated moic 
deeply and lying transversely there can be seen, as dark striations, a few smooth 
muscle nuclei that have taken up the methylene blue stain The fibre marked 
A, after running foi a considerable distance, turns sideways and divides into 
two branches, one of which pursues a recurrent com sc while the other continues 
the direction of the original fibre Both fiom the mam fibie and from its 
recurrent branch are given off branches (four or five in number) which are 
slightly out of focus, being more deeply placed, and which hav'e a beaded 
appearance The fibre marked B runs, within the limits of the photograph, for 
only a short distance before divading into two (or three) branches which in^ 
their turn soon break up into further branches These branches, which picsent 
an irregular appearance, are placed between the parent fibie and the nuclei 
of the smooth muscle cells and are, therefore, not shaiply in focus Fibre 


C runs the whole length of the field without givmg off any large blanches and 
Its superficial position m relation to the stained luicleLis well shown Another 
fibre, D, crosses this latter fibre and then terminates in the tunica adventitia 
about the middle of the field in an ending which may be of a sensory type The 
preparation was not, however, clear enough to allow its nature to lie accuiately 


determined 

It IS difficult to decide whether the fibres that have been here desciibcd arc 
finely medullated or non-medullated, for, using the methylene blue technique. 
It IS considered permissible to designate fibres as medullated only v hen nodes 
of Ranvier can be clearly distinguished It is quite certain, however, t la m 
this outer adventitial plexus both finely medullated and non-med.d ated fibres 
are present, but for the reasons given the relative numbers of cither varietj 


cannot be stated 
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PI 1, fig 3 sho-iAs the intricate plexus of varicose nen-^e fibres IjTng on the 
outer surface of the tunica media of a small arterj The fibres di%ude and inter- 
w ea\ e u ith oneanother in an exceedinglj complex fashion, gn mg the appearance 
of a net v ith coarse meshes In some instances the ner\ e fibres forming the 
strands of the mesh do in fact form complete loops and communicate n ith one 
another The meshes of the network are irregular m outline The smooth 
muscle nuclei, for some reason, are not stained but the transverse stnations 
in the background indicate the direction of the fibres of the tunica media 
A single fibre from the adientitial plexus just described can be seen dividing 
into two branches which join the plexus Just outside the limits of the field 
show n, another fibre, also from the adv'entitnl plexus, could be seen behaving 
in a similar manner 

Lying w ithin the tunica media of the small arteries is a plexus of fine beaded 
fibres These fibres are seen in PI 1, fig 4, forming a regular zig-zag pattern 
Some of the muscle nuclei, only partly shown, are darkly stained and he nearly 
parallel to one another Exceedingly fine branches of this plexus can be traced , 
some appear to end freely in the tunica media while others show knob-like 
endmgs in close relation to the nuclei of the smooth muscle cells One such 
ending is showm under high magnification m PI 1, fig 5 The nucleus of the 
fibre appears as a dark ov^al and the stained cytoplasm can also be famtiy 
seen A short segment of a very beaded fibre can be seen approaching the 
nucleus as a series of niomliform expansions almost at right angles to it and 
one knob lies just abov e the nucleus The nuclei of other muscle fibres can also 
be seen in the illustration as faint parallel shadow s 

An organized ending, probably of a sensory type, is shown in PI 1, fig 6, 
lying in the tunica adventitia of a small artery This ending is composed of 
a number of short thick branches and is borne by a meduUated fibre w hich is 
not quite in focus in the photograph In the same field another medullated 
fibre can be seen and the blurred dark oval shadows are transversely-placed 
stained nuclei of the smooth muscle fibres of the tumca media 

PI 2, fig 7, show s another medullated fibre Ij'ing among fat cells close to 
the wall of a small vessel The position of the v'essel is indicated by trans- 
V erselv^-placed muscle fibres which can be recognized because m some of them 
the nuclei and cytoplasm hav e taken up the dj e The nerv e fibre makes a loop 
as it leav'es the arterv' and then disappears among the fat cells whose dark 
nuclei and faintly stained cell walls make them readily distinguishable 

A general picture of the mnerv ation of an arteriole is seen in PI 2, fig 8 
A fasciculus composed of about seventeen nerve fibres meanders across the 
field and in the portion shown in the figure it gives off four smaller bundles 
of from four to nine fibres and three single fibres The arteriole, identifiable 
by occasional stained nuclei, runs near the mam fasciculus and in one place 
can be seen crossing superficial to one of its loops Most of the branches of the 
tract do not appear to be in anv’’ viaj concerned with the innervation of the 
v’cssel and w ere traced for v arj mg distances into the surrounding muscle before 
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being lost A single fibre, A, leaves the mam trunk close to the arteriole, mukc<; 
a wide loop, crosses the vessel, and then runs near to it before finally jouiiikt 
the nerve fibres Ijnng directly on its nail The nerve fibres on the ‘arteriole 
Jtself are difficult to distinguish in this picture but are better shon n m PI 2, 
fig 9, an enlargement of a small portion of the vessel depicted m PI 2, fig s’ 
PI 2, fig 9 shows two fine beaded nerve fibres placed one on either side of the 
arteriole in which four muscle cells are stained These fibres appear to he 
directly on the wall of the vessel, and runnmg parallel to the vessel close to it 
there are two smaU nerve fibres On the left of the field the mam fasciculus 
can be seen and branehing from it a smaller bundle m Avhich tn o medullalcd 
fibres can be distmguished A single fibre whose Schwann sheath foi sonic 
reason has been stained by the methylene blue makes seieral small loops 
and runs for a short distance close to the vessel ivall before passing deep 
to it 

The more detailed innervation of an arteriole is shown in PI 2, fig 10 
Running in the long axis of the vessel and lying, it appears, directly on the 
muscle wall and placed one on either side of the vessel there are tAio fibres 
showing Avell-marked irregularities Branches from these fibres can be seen 
crossm'g the vessel and forming a loose netAvork on its surface In this atsscI 
the nuclei of the smooth muscle fibres are not stained PI 2, fig 11 sIioaas 
a slightly smaller arteriole in Avhich the muscle nuclei are aa^cII stained On one 
side of this A'^essel can be seen a single nerve fibre Avhich at one place diAudes 
and sends a branch across the arteriole From the opposite side a pre-capillary 
arteriole is given off accompamed by a single fine beaded nerve fibre, and on 
the same side of the arteriole can be seen, in part, another nerve fibre at a short 
distance from the main vessel In the arterioles only one plexus of nerA^e fibres 
could be found and no actual endings ivere obseri’^ed in their Avails ' 

PI 2, fig 12 shoAvs a single fine beaded nerve fibre ruimmg on the nail of 
a capillary blood vessel Avhicli is lying beside a large nerve trimk containing 
some medullated fibres Tt is difficult to define the Avail of the capillary, but 
its course is sufficiently indicated by the stained nuclei of the cells associated 
Avith it No endings Avere seen on the capillaries nor Avas there any indication 
of a plexus formation, indeed, in many of the capillaries studied, the nevve 
fibres Avere less closely associated Avith the vessel than in the one shoAAii 

Text-fig 1 is a composite draAvmg shoAving the author’s conception of tlic 
arrangement of the innervation of a small artery, an arteriole, and a capillary , 
based on the observations that have been made The histological findings may 
be summarized as folloAVS 

Small artenes In the small arteries of the stomach Avail the nerve fibres 
form tliree plexuses 

(a) In the tunica adventitia, nerve fibres run in the long axis of the acsscI 
in roughly parallel formations These fibres branch and send fibres to the 
deeper plexuses, but there .s no mdication of a true netu-orh The d.amclcr 
of the fibres is fau-ly uniform and nodes of Ranvier ean sometimes be seen 
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It IS considered, therefore, that this plexus is composed of non-meduUated 
and finely medullated nerve fibres 

lb) Betn een the tunica adventitia and the muscular coat there is a mesh- 
Mork of non-medullated fibres The nerve fibres that compose this plexus are 
irregular m diameter and shov many % aricosities There is a complete absence 
of any regular arrangement of the fibres in a longitudinal or trans\ erse 
direction , thej di\ ide and intern ea\ e to form a meshn ork of communicating 
fibres 





Text-fig J Drawings to illustrate the innervation of small blood vessels A, small artery to the 
left, the plexus m the tunica adventitia is shown To the nght, the plexns between the tunica 
adventitia and media is seen and also (m a small section) the plexus of fine beaded fibres 
withm the tumca media B, artenolc, C, capiUajy 


(c) In the tumca media very fine beaded fibres are present betiveen the 
smooth muscle cells A regular pattern is formed by the branching of these 
fibres, and numerous endings are present Some of the fibres end as knobs m 
close relation to the nuclei of the smooth muscle cells, uhile others appear to 
terminate freely betn een the nuclei It is by no means certain that these latter 
endings are unrelated to nuclei of muscle fibres since the staining of the muscle 
cells by methylene blue is quite capricious and may only pick out occasional 
nuclei here and there 
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Arterioles In the arterioles a much simpler arrangement is present Runnintr 
alongside the vessels there are nerve fibres v Inch send communicating branches 
across the vessel These branches may be fev in number or m the larger 
arterioles sufficiently numerous to form a loose nieshnork The immbci'^of 
fibres accompanying the vessel vanes, usually there are t\\ o fibres v Inch appeal 
to he one on either side of the vessel, but m the larger vessels thcic nia> be, 
on one or both sides, a small fasciculus or tvo or three fibres In the' pie ' 
capillary vessels there is frequently a single fibre v Inch crosses over the i essel 
at irregular inteivals In none of the mateiial examined i\eic fibres obseivcd 
to end dtiectly on the smooth muscle fibres of the arterioles 

Capillaiies Single beaded fibres accompany the capillary blood icsscls 
These fibres wander from side to side and apparentlj’’ have only a ^ cry gcneial 
relationship to the vail of the vessel No endings of any kind verc found on 
the walls of the capillaries 

Sensoiy- endings In association with the blood vessels of the stomach tvo 
types of sensory ending are found, both subserved by fine medullatcd fibres 
Medullated fibres are seen ramifying among the fat cells that constantlj’’ 
accompany the vessels and that are, mdeed, at times a guide to then location 
These fibres can be followed for long distances among the fat cells, and, 
becoming exceedingly fine, they appeal to terminate freely between the cells 
A second type of sensoiy ending, of an organized tyjic, is also loiind m the 
tunica adventitia (PI 2, fig 7) 

Classification of the small blood vessels The observations described suggest 
a classification of blood vessels on the basis of their innervation, viz small 
(or medium) aiienes, vessels showing outei and inner adventitial plexuses in 
addition to a plexus in the tunica media, aitenoles, vessels having only a single 
plexus formed by one or two nerve fibres vith connecting blanches, pie- 
capillaiy aitenoles, smaller vessels having some muscle fibres and, usually, a 
single nerve fibre, capillai les, the smallest vessels, vith no muscle nuclei and 
each commonly having one very finely beaded nerve fibie close to its vail or 
at a short distance from it 


DISCUSSION 

The presence of sympathetic fibres has been established in the blood vessels 
of the skin (Trotter & Davies, 1909), pia mater and biam (Huber, 1899, 
Penfield, 1932), skeletal muscle (Hinsey, 1929, Gilding, 1932, Baicroft, Bonnar, 
Edholm & Effron, 1943), and visceral muscle (Stohr, 1930) It is also veil 
recognized that these fibres subserve vaso-constrictor functions, and there has 
now accumulated a considerable number of observations vliich indicate that 
the blood vessels are supplied vith sensory endings, and that active vaso- 
dilatation (as distinct from the removal of vaso-constrictor impulses) can occur 
• The anatomical arrangement of the nerve fibres that perform these fiinc ions 
IS, however, less well established, and the pathvays along vhich some of tlie 
impulses are conveyed are by no means certain 
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Se\eral authors Iia\e showui that sj-mpathetic nene fibres can reach the 
peripheral blood % essels either bj direct contmuitj along the i essels from the 
aortic plexuses, or by branches gi\ en off from regional nen es hung m close 
relation to the peripheral \ essels It is well known that neiwe trunks related 
to the blood \ essels in the limbs orbodj-wall contnbute at mtenals branches 
to theur supply The present in\ estigation has shown that this also holds good 
for \ isceral blood vessels 

The arrangement of the nerie fibres m the walls of the blood i essels and 
their funetion are less certamlj defined Huber (1899) in the \ essels of the 
pia mater, describes a primary plexus in the tunica ad\ entitia, and a second 
just external to the muscle coat from w hich fibres are gi\ en off to end m the 
muscular tissues of the i essels Stohr (1932) also desenbes an outer and inner 
ad\ entitial plexus although the fibres that he illustrates on page 385 of Cytology 
and Cellular Pathology of the Nenous System as forming the inner plexus are 
patentlj not ner\ e fibres The present work agrees largelj w ith these descrip- 
tions but confirms Woodard’s (1926) account of a third plexus situated withm 
the tunica media and consisting of fine beaded fibres hai mg endings directh 
related to the nuclei of the smooth muscle fibres The existence of this plexus 
in the tunica media was originally denied bs Stolir (19S2) who stated that he 
had nei er seen fibres actualh in the media or ending on the muscle fibres 
Stohr (1935) has, howeier, subsequenth rensed his Mews on the existence of 
a plexus of nen c fibres ivithm the tumca media and has followed Boeke (1933) 
and Reiser (1932, 1933) m descnbmg a peritermmal network of sjmpathetic 
fibres permeating all the tissues of the bodj , including the media of the blood 
i essels Nonidez (1937) has dealt at length with this peritermmal network and 
has shown that the fibres are reticular connectu c tissue fibres w hich ha\ e been 
behei ed to be nen ous because of the fault} use of sili er impregnation methods 
H eddcll, Harpman, Lamble} «5L Young (19-tO), m a paper on the innera ation 
of the tongue, hav c described the stainmg of reticular connectu e tissue fibres 
in meth}lene blue preparations and ha\e suggested that high concentration 
of the d} e ma\ be a causatu e factor It is sufficient for the present paper to 
draw attention once again to the ads antage of the meth} lene blue techmque, 
which permits of the use of whole cleared specimens in which nene fibres can 
be traced for considerable distances and clearl} distinguished from stained 
reticular strands, thus a\ oiding the difficult} of interpretation and the greater 
risk of error associated with the use of siher techniques and serial sections 
The ncrscs accompammg the arterioles haae a much more generalized 
relationship to the induidiial muscle fibres The bulb-like endings on the 
smooth muscle cells, described b} Langavorth} &, Ortega (1943), haae not been 
obsened The iimera ation of the capillar} bedisapparenth stillmore generalized 
and a single nen e fibre runs for long distances w ithout reinforcement close to 
the a essels but not, it would appear, nccessanh m contact with the capillar} 
wall Ye are not able to saa whether such fibres are functionalh related to 
true capillaries, rather than to pre-capillaries or the ‘metartenoles of Chambers 
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& Zweifach [vide mfi a) Where they course alongside a true capillarv, thev ma\ 
be following the vessel to the pre-cap.llary which feeds it Our prcpai'ations 
are not adequate to determine this point, for (as already noted) tlie methylene 
blue only stains muscle cells occasionally and incidentally 

These observations suggest that the terminals dern ed from a single fibre 
may supply a relatively short segment of a small artery vith a dense and 
intimate innervation, a longer segment of an arteriole vith a less intimate 
supply, and a still greater length of capillary vessel with a loose investment 
of nerve fibres Proof of this supposition is of course lacking, and much 
experimental work remains to be done before it can be established It is, 
however, interesting to note that spasm of short segments of large arteries has 
been observed following injury to the vessel (Lewis, 1946) 

The present classifications of the blood vessels are unsatisfactory and often 
conflicting Lewis (1927) has classified the small blood vessels of the skin into 
strong arterioles, minute vessels and deep veins In the category of strong 
arterioles he includes the main cutaneous arteries, the cutaneous arterial net- 
works and the arched arterioles the terminal arterioles, capillaries and 
collectmg venules are classified as minute vessels Reference to the standard 
text-books of histology shows that the descriptions of the smaller blood vessels 
are unsatisfactory Some authors divide the small vessels on the arterial side 
into small arteries and arterioles, others describe medium arteries and small 
arteries or arterioles, while pre-capilIary arterioles are also recognized by some 
but not by others (Bloom, 1947, Jordan, 1947, Smith & Copenhavei, 1044, 
Carleton, 1938) In the most recent study of the organization of the capillary 
circulation, Chambers & Zweifach (1946) distinguished an element m the 
capillary bed which they term the ‘central channel’ The proximal part of 
this, the ‘metarteriole’, is provided with muscle and gives oil pi e-capillaries 
which feed the true capillaries 

Woollard (1926) has stated that many of the fibres conveyed to the blood 
vessels by the peripheral nerves are medullated and has noted the persistence 
of such fibres in the tunica adventitia following ganglionectomy Woollard 
et al (1940) have also noted the persistence after sympathetic neurectomy of 
at least the greater part of the plexus of fibres that lies just external to the 
tunica media There is some evidence that these medullated fibres coincj 


afferent impulses and that these impulses pass into the posterior nerve roots, 
for It IS known that these fibres remain following ganglionectomy and s’eclion 
of the ventral nerve roots (Hinsey, 1929) Although it is now generally accepted 
that active vasodilatation can occur, the nerves concerned m its production 
have not so far been determined Barron (1946) holds that vasodilator fibres 
reach the blood vessels by way of the parasympathetic outflow (m cci tarn parts 
of the body), by efferent fibres m the sympathetic system, and via the dorsal 
spinal roots to the blood vessels of the skin He finds difficulty m accepting 
the view that impulses conveyed antidromically to the peripheral termination 
of senary fibres L affect the blood vessels Doupe (1943), however, believes 
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that vaso-dilatation m the skin is due to the formation of metabolites 
afferent neir'c fibres running m close assoeiation ivith the terminal vessels, and 
it seems that a possible mechanism for the production of these metabolites 
may be provided by the medullated fibres m the tunica adventitia and the 
mesh^\ ork of fibres immediately external to the tunica media 

Bazett L JIcGlone (1928), Waterston (1934) and others haie elicited pain 
from the tunica adventitia of arteries, and it has also been shomi that some 
of the medullated fibres accompanying the blood vessels end m Paciman 
corpuscles (Rachmanon, 1901, Laivrentjen, 1926, IVoollard, 1926) Other 
medullated fibres serve organized endings in the tumca adientitia (Dogiel, 
1898), or end freely betneen fat cells and m the adventitia itself The presence 
of free endings among the fat cells and of organized endings in the adventitia 
has been confirmed in the present investigation for the blood r essels of the 
stomach It is non generally accepted that in the tumca ad\ entitia of some 
of the large blood vessels there are receptors nhich are sensitive to tension 
changes m the vessels, and it is possible that the free neiv'e endings among 
the fat cells are affected by pressure changes m the vessel nail transmitted by 
the liquid inside the cells The organized endings are not unlike the endings 
found at the base of the tongue which Weddell et at (1940) consider to be of 
tension -recording type The neural elements subsenung the sensation of pain 
that can be produced from the tunica adventitia are not established but it 
may be that pain is mediated by the plexus of beaded nen’^e fibres that 
lies betneen the adventitia and the media, for they are not unlike the pain 
termmals found elsenhere, and they are knoivn to persist, at least in part, 
after ganghonectomv (WooUard et al 1940) 

In order to determine the source and function of the different plexuses it is 
proposed to carry out dorsal root sections and sympathectomies, and to report 
in a future paper the results of these expenments 

r 

SUMMARY 

1 The innen’’ation of small blood vessels has been studied by mtra-vital 
methylene blue staimng, using a continuous drip technique 

2 The nen es supplymg the small arteries form plexuses [a) m the tunica 
adventitia, consisting of finely medullated and non-medullated fibres hanng 
mainly a direction parallel to the long axis of the vessel, (b) betneen the tumca 
adventitia and media, a meshnork of fine fibres, and (c) in the tunica media, 
a plexus of verj'' fine beaded fibres 

3 The arterioles are accompanied by a small number of nerve fibres, usually 
tno or three, nluch m the larger arterioles may be placed on either side of the 
vessel nith trans\erse mter-communications In the pre-capillaries onlj one 
fibre may be present, passing at intervals from one side of the vessel to the other 

4 The capillaries are accompamed bj very fine beaded fibres running close 
to the vessels, or, it may be, at some little distance from them 

5 Medullated fibres are found ending among the fat cells that he in close 
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proximity to the vessels Endings of 
adventitia of the small arteries 


ail organized t>pc aic found m the tunica 


6 It IS suggested that the plexus lying mmiediateh external to the tunica 
nie la may possibly subserve the sensation of pain and niav also ]iro\ ide 
a mechanism for the production of active vaso-dilatation 

7 Methylene blue, m concentrations greater than those rcipnrcd to stain 
nerve fibres specifically, frequentlj' stains other tissues m addition 

8 A classification of small blood vessels is suggested based on then 
innervation 


My thanks are^due to Prof W E Lc Gros Clark foi generously granting 
the facilities for work m his department I wish to thank also Dr G ^Ycddcll 
and his co-workers for their helpful criticisms and advice during the preparation 
of this paper To the technical staff of the Department of Anatomy <i1 Oxford 
I am also most giateful ^ 
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EXPLANATION OF PLATES 
All the photomjcrographs are of methylene blue preparations 
Plate 1 

Fig 1 Two small nerve fibre tracts and stamed reticular conneotn o tissue fibres x COO 
Fig 2 Small artery from stomach of rabbit Adventitial plexus inth longitudinal non o fibres 
x475 

Fig 3 Plexus of vancose nerve fibres on the outer surface of the media of a small artery x475 
Fig 4 Plexus of fine beaded nerve fibres uithin the media of a small artery x 610 
Fig 6 Beaded nerve fibre with knob hke endmg beside nucleus of smooth muscle cell x 1000 
Fig 6 Orgamzed ending m the adventitia of a small arterj x 1200 

Plate 2 

Fig 7 Medullated nerve fibre among fat cells beside a small vessel x 420 

Fig 8 General pattern of irmervation of an arteriole single nerve fibre xllO 

Fig 9 Portion of the artenole in Fig 8 under higher magnification x 450 

Fig 10 Plexus of nerve fibres on the wall of an artenole x 430 

Fig 11 Artenole with pre capillary branch x610 

Fig 12 Fme beaded nerve fibre on the wall of a capillary x 500 
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This gave an opportunity of observing the various stages of healiiur m an 
injury to the skull 

Groups B and C were both killed on the 4th day after operation The annuals 
of these groups were, m addition, given a daily intraperitoneal injection of 
a 1 % solution of trypan blue at the rate of 1 e c per 100 <t of bod\ 
weight ® 

All the tissues (pieces of paiietal bone and of femur) were fixed immediatch 
after death in ice-cold 80 % alcohol Most of the pieces of skull were einbeddc’d 
in celloidm and undecaleified transverse sections 50 fi thick were cut from them 
Some pieces of skull were decalcified in a vitamin C solution in the hope that 
paraffin sections could be obtained which would still contain active phos- 
phatase, but without success (Vitamin C if used in the dark, is a relatively 
good decalcifying agent A 5 % solution has half the activity of a 5 % solution 
of trichloracetic acid ) After the femora of the animals had been fixed for 
24 hr the repair tissue in the holes was scooped out and sectioned in the 
ordinary way All sections were treated by Gomon’s (1941) alkaline phos- 
phatase technique 

RESULTS 

A The healing piocess in the shidls of animals on a noimal diet 

24 hi Two main types of phosphatase positive cell were present m the 
blood clot filling the hole in the skull The first type gave an intensely positn c 
phosphatase reaction in the nucleus (PI 1, fig 1), but the cytoplasm of some 
of the cells contained numerous dark granules, presumably representing sites 
of phosphatase activity, which made it impossible to distinguish the nucleus 
These cells appeared to be polymorph leucocytes The second type of cell gave 
a strong reaction m both nucleus and cytoplasm, and possessed elongated 
processes which also appeared to contain the enzyme (PI 1, fig 2) In the 
central part of the hole other phosphatase positive cells resembling m general 
the second type appeared to join up to form capillaries 

Large numbers of the first type of cell were also present in both periosteiiin 
and endosteum, more were present in the former than in the latter Not all of 
these cells in the periosteum stained in this way, but the number which gave 
a positive phosphatase reaction increased near the margins of the hole About 
4 mm from the hole some eight out of every twenty polymorph-type cells in 
the periosteum were phosphatase positive (PI 1, fig 3) At 3 mm from the 
hole about fifteen out of twenty cells were positive This was the same up to 
0 5 mm from the hole, but from there to the margin of the hole every cell u as 
phosphatase positive Some of the cells in the periosteum in which the whole 
nucleus had not blackened showed an intensely positive nucleolus This 
increase m the number of phosphatase positive cells in the periosteum suggests 
that they migrated along it and that as they came closer to the area of mjurv 
they were under the influence of some chemical substance liberated from t it 
injured tissue which caused them either to sjmthcsize alkaline phosphatase or 

to absorb it 
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3 dai/s There ^\e^e fewer of the polymorph leucoc\-te of cells m the 
injured area or in the periosteum and endosteum Numerous osteogenetic 
fibres w ere present in the hole and in the cellular laj ers of the periosteum near 
the hole Manj of these fibres ga^e a positn'e phosphatase reaction (PI 1, 
fig 5) Most of the nuclei of the periosteal eells (cambial lajer) ga^e a slight 
positne phosphatase reaction More phosphatase positne capiUanes were 
present 

1 iieeA Ti^o massive concentrations of phosphatase were present, one on 
either side of the repair tissue, about half-vaj between the outer and inner 
surfaces of the hole, and there were histological signs in these regions that 
formation of trabeculae vas commencing (PI 1, fig 6) There were practically 
no phosphatase positn e cells in the periosteum at this stage 

2 itee/iS The numerous fibres m the repair tissue ga\ e a positn e phosphatase 
reaction and in certain areas — particularlj where the concentration of phos- 
phatase was heanest, bonj' trabeculae could be seen forming None of the 
positne polymorph-type cells, seen so plentifully in the 24 hr preparation, 
could be seen m the repair tissue or m the periosteum 

B Animals on a scorbutic diet plus synthetic vitamin C 

The animals of this, and the succeeding, group were given tin-pan blue as 
described aboie All four animals m this group were killed 4 days after 
operation Numerous osteogenetic fibres were present in the repair tissue in 
most specimens A large number of polj morph-tj pe cells were present but 
only a small proportion of them had phosphatase positn e nuclei Numerous 
macrophages (detectable by their reaction to ti^qian blue, see Cappell, 1929) 
were present in the repair tissue, and in the endosteum and periosteum Only 
a feu uere present m the cellular layer of the periosteum (PI 1, fig 4, PI 2, 
figs 7, 8) In one preparation a periosteal blood vessel uas cut through near 
the margin of the hole and macrophages could be seen m the vessel Macro- 
phages could be seen outside the vessel also giving the impression that they 
uere migrating out into the fibrous layer of the periosteum and then along this, 
guided by the fibres of that layer, touards the hole Accumulations of macro- 
phages could also be seen in some endosteal blood ^ essels and m some blood 
\ essels in the bone itself (PI 2, fig 9) So manj' u ere present m some of the 
\ essels that near the injury the uhole of the contents of the \essel appeared to 
stain a bright blue It is noteu orth\ that the macrophages gave no phosphatase 
reaction 

C Animals on a scorbutic diet 

All four animals m this group uere killed 4 dajs after operation In all 
specimens relativel} feu cells uere present m the repair tissue filling the hole 
There uere some rounded cells containing coarse granules of trj’pan blue 
uliicli ga\c no phosphatase reaction (these uere macrophages) There were 
some cells unth elongated processes some of which gase a slight phosphatase 
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reaction and some ^hicli gave no reaction at all A few polymorph cells vcrc 
present which gave a positive reaction All preparations shoved a fev fine 
fibres and capillaries which were also positive Near the edges of the hole 
where there was some necrosis and crumbling of bone, macrophages could be 
seen which contained masses of material that stained black vith cobalt 
sulphide without prior incubation with enzjnne substrate This material vas 
probably necrotic bone It is of interest that the osteocytes in the uninjured 
bone do not take up trypan blue to any extent Sections of material from the 
hole bored in the femur also showed a reduction m the number of cells present 
m the injured area in scorbutic animals In bone marrow of both normal and 
scorbutic animals bone marrow cells gave a positive phosphatase reaction, and 
macrophages (stained with trypan blue but giving no phosphatase reaction), 
could be seen among them (PI 2, fig 10) 


DISCUSSION 


This work shows that vuthiii 24 lir of injury to a skull bone there is an 
accumulation of cells, the nuclei of which give a positive phosphatase reaction, 
in the injured area and in the periosteum and endosteum near the region of 
injury The cells are similar to those found by Fell & Danielh (1943) in injuries 
to the skin and called by them polymorphs The polymorphs present m the 
injured area probably come from blood vessels in the periosteum and it is only 
when they approach the site of injury that they give a strong positive phos- 
phatase reaction The number of these cells migrating to the injured area in 
the skull bone is very greatly reduced in scorbutic animals, but the ability of 
the cells which do get to the injured area to give a positive phosphatase reaction 
does not appear to be affected Vitamin C deficiejicy appears therefore to reduce 
the migratory powers of polymorphs, but does not completely inhibit the 
production of some substance from the injured area which apparently stimulates 
the production or absorption of phosphatase by the polymorph 

Osteogenetic cells and fibres give a positive phosphatase reaction when they 
first appear in an injured region As the formation of trabeculae commences 
there is further and more intense accumulation of phosphatase in the cells and 
fibres at the site of formation of trabeculae 


There is thus a double eycle of phosphatase production by osteogenetic cells 
in the process of bone formation The first when tlie osteogenetic fibres arc 
produced, and the second Avhen the fibres are collected together as trabeculae 
A scorbutic diet not only reduces the number of polymorphs present in the 
injured area but also has an inhibiting effect on the production of fibres by the 
osteoblasts and reduces the number of capillary vessels formed 

It IS of interest that Willmer (1942) found that normal fibroblasts, endothelial 
cells and macrophages m tissue culture could not be distinguished from one 
another by the phosphatase reaction, winch is weak m all of them unless 
they are undergoing mitosis In the present ivork, cells vdiich appear to he 
forming capillaries (endothelial cells) and those forming fibres (osteogenetic 
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cells, wluch are a special tJTpe of fibroblast) ga\ e similar phosphatase reactions 
On the other hand, macrophages gave an almost completel}' negative reaction, 
although in some of them just the slightest blackening of the nuclear membrane 
eould be seen One must remember, ho^^ever, that the conditions under which 
Willmer examined his cells (in tissue culture) were very different from the 
conditions under which the present author studied the same cells and the 
differences in staining reactions are almost certainlj’’ due to this fact 

The flood of macrophages w hich pours into the injured area confirms more 
indirect obsenmtions of the same phenomenon made by JIacklin (1920) There 
is no evidence that these macrophages are formed bj transformation of perio- 
steal eells or modification of fibroblasts or other cells in the clot Macrophages 
in the periosteum near the injurj' were concentrated in the fibrous layer, there 
w^ere only a few m the cellular layer They could be seen m periosteal blood 
vessels and in blood vessels in the bone In the latter there was a verj’' large 
concentration of them near the injury While this is scarcely the place to enter 
into a discussion of the origin of macrophages, it might perhaps be said that 
the impression given by the preparations is that most, if not all, of the macro- 
phages come to the injured area via the blood vessels This agrees wuth the 
results of Eberth & Florey (1939) 

There are fewer macrophages m the injured area in the vitamin C-deficient 
animals Tins is in accord wnth previous observations that phagocytosis is 
inhibited in scuny, e g Hunt (1941) found a delayed removal of catgut 
ligatures and of damaged muscle in vitamin C deficiency Matzner (1938) has 
showTi that macrophages in the lung in infections accumulate large stores of 
vitamin C wnthin themselves so that the vitamin is presumably essential for 
then activity 


SUMMARY 

Tins work has shown that wuthm 24 hr of injury to a bone, cells of which the 
nucleus gves a strong positive phosphatase reaction, and which are probably 
polymorplis, accumulate in the injured area and m the periosteum and endo- 
steum near it 

Proximity to the injured area appears to accentuate the phosphatase 
reaction in these cells 

Bj”- 3 or 4 daj s after injurj' there are very few of these cells left of the injured 
area and they have almost completely disappeared after 1 w eek 

Numerous osteogenetic and endothelial cells both of which gii e a positive 
phosphatase reaction are present m the injured area within 3 days of the 
injurj' 

Macrophages, which gi\e no phosplvatase reaction, are present in large 
numbers in the injured area at 4 daj s after injury 

The number of all \ arieties of cells present in the injured area after 4 days is 
greatly reduced by a scorbutic diet 
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The healing process m the skull is ^ery much sIo^^er than m the femur 
smal hole bored in the femur of a gumca-pig on a normal diet is oomph toh 
1 led with bony trabeculae at tlic end of 1 ^\cek In tlic skull onlv a re^\ 
trabecular strands are present at the end of 2 weeks 

I am indebted to llochc Products for the supply of synthetic Mlamm C 
used in these evperiments 
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EXPLANATION OF PLATES 


All photographs (except PI 2, fig 10) arc taken from undccalcificd sections approximntel} 
50p thick It was found impossible to cut satisfactory undccalcificd sections of the giiinia pig's 
skull at loss than tins thickness 

Plati 1 


Fig 

Fig 

Fig 

Fig 

Pig 


1 Repair tissue in hole in skull 24 hr after operation outer surface of bone uppermost 
Numerous phosphatase positive cells (P) are present A phoaplmtasc positive capillarj (C) 
can be soon in process of formation The black mass at the top of the jihotograpli is duo to 
a fold in the' section (Phosphatase preparation No coiintorslain ) x b") 

2 Repair tissue from hole in skull 24 hr after operation Colls with niitloiis and ectoplasm 
stained black can bo scon A blackened process (? ostcogonctic fibre) can be scon extending 
some 40-50p from one coll This suggests the production of a phospliataso laden fibre from a 
cell containing largo amounts of the enzyme Other cells with phosphatase mainly in the 
nucleus can also bo seen m the iihotograjih x C50 

3 Cellular layer of periosteum of skull about 4 mm from hole 2thr after operation Largo 
numbers of phosphatase positive cells (polymorphs) arc present x 120 

4 Periosteum near hole in skull 4 days after operation, show mg accumulation of nmcrophngi s 
in fibrous layer (F), but only occasional macrophages in cellular In j cr (6') (Intrav ital tr> pan 

S^Rcpai^tissue m hole in skull 3 dajs after operation Central black mass is formed of 
phosphatase positive fibres which can be seen more clearly on the right of the photograph 
Only a few phosphatase positive cells arc present x 120 
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Plate 1 
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Fjg 6 Repair tissue m hole m skull 1 week after operation outer surface of bone uppermost 
Black matenal extending across near the top of the photograph is made up of necrosing chips 
of bone (C) The lateral black masses mdicate the formation of bony trabeculae (T) That is 
the cells in these areas are commencing a second cycle of phosphatase production Isolated 
phosphatase positive cells can be seen at the maigms of these Hack masses y 65 

Plate 2 

Tig 7 Hole m skull 4 days after operation outer surface of bone uppermost Hark areas m 
repair tissue and at maigms of hole (Jf) represent aggregations of macrophages The only 
stam used is mtrantal trypan blue x 65 

Fig 8 Repair tissue from hole m skuU 4 days after operation, showmg masses of macrophages 
The granular character of the cells can he seen (Intravital trypan blue ) x 250 

Fig 9 Blood vessel near hole m skuU 4 days after operation On the left macrophages are so 
numerous m the vessel as to appear as a black mass (J/), but are not so numerous on the nght 
and so mdividual cells can he seen (Intravital trypan blue ) x 50 

Fig 10 Repair tissue from hole m femur Phosphatase positive cells appear black. Macrophages 
which give a negative phosphatase reaction have trypan blue granules m the cytoplasm and 
appear grey m the figure (Intravital tij-pan blue and phosphatase technique ) x 100 
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CHAI^GES m THE VOCAL FOLDS IN HUlVmiNG LOW 
AND HIGH NOTES A RADIOGRAPHIC STUDY 

By A G H MITCHINSON and J M YOFFEY 
From the Depaiimeni of Anatomy, The University, Bristol 

The object of the present study has been to investigate radiograplncallj" tlie 
movements of different parts of tlie larynx and related structures during 
alterations in the pitch of the voice 

t 

METHODS 

Twenty subjects (ten male and ten female, ranging m age fiom 10 to 50) ucre 
X-rayed during the humming of (a) low notes, (b) high notes Seventeen of 
the subjects were merely asked to hum at a pitch near the highest and loucst 
notes of their register But three subjects who had done a fair amount of 
singing were given notes of known frequenej'^ by means of a tuning fork 
Humming was employed rather than singing, in order to eliminate mo^ e- 
ments of the jaw and structures immediately below it But in so far as the 
changes in the vocal folds are concerned, the results are believed to be com- 
parable The head was immobilized as far as possible by one support placed 
against the occiput and another under the chin The distance from tube to 
head was 5 ft , only lateral vicavs were taken 

RESULTS 

Change in length of vocal folds 

A constant finding, as ivould be expected, was the increased length of the vocal 
folds in humming high notes (PI 1, figs 1, 2, PI 2, figs 3, 4) The maximum 
lengthening was 9 mm , miiumura 2 mm , and the average was 5 mm 
Cunningham (1943, p 666) quotes figures from Moura (1879) to slioiv that 
stretching may increase the length* of the vocal folds by 4 5 mm m the male 
and by 3 mm m the female, without indicating lioiv the stretching ivas effected, 
1 e whether during life or passively m the cadaver Negus (1929) quotes 
Cunnmgham’s observation but gives no further information Pressman (19 12) 
studied the lengthemng and shortening of the folds during life by direct 
laryngoscopic examination (see his Fig 10, p 374) 

In the present series, the maximum elongation (9 mm ) occurred m a female 
Furthermore, the practised singers (Table 1) shmved greater elongation than 
the others Thus m three practised singers, the average lengthening u'as 
8 mm , ranging from 7 to 9 mm , while in the remainder the corresponding 
figures were 4 8mm, rangmg from 2 to 9 mm (PI 1, figs 1, 2, PI 2, figs 3, 4) 
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The present study thro-ns no light on the mechanism bj ivhich trammg could 
bnng about this result, whether by mcreasmg the mobility of the larjmgeal 
cartilages, mducmg hj^iertrophy of the larjmgeal muscles, or both, but about 
the result itself there appears to be no doubt Comparison of PI 2, figs 3 and 4 
shows that in this particular mstance the noteworthy feature is the greater 
shortening of the folds in the low note 


Table 1 Changes in vocal fold length in practised singers 
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It has not been found possible to obtam for examination fully framed 
singers, to ascertam whether their \ocal folds are capable of still greater 
elongation Conceivably, also, radiological examination before embarkmg on 
a course of voice training might pronde an objective criterion for assessing 
the probability of a successful result 

The vestibular folds are elongated at the same time as the vocal folds, and 
the sinus frequentl} becomes narrower (PI 1, figs 1, 2), on an average by 1 mm 
and m one instance by 2 mm Narrowing of the sinus has previously been 
noted by Curry (1937) 

Rotation of vocal folds 

In changing from low to high notes the vocal folds frequently (thirteen cases 
out of twenty) undergo rotation downwards and forwards (average 7°, 
maximum 20°, mmimum 0°) This is due to rotation between the cricoid and 
thyroid cartilages, and appears to depend mainly on the action of the cnco- 
thjnoid muscles The action of these muscles has long been a matter of contro- 
versy in which some of the great figures in anatomy hare participated (for 
a brief historical review see Tschiassny, 1944) Fabricms ab Aquapendente 
wrote ‘at Ego de usu horum musculorum anceps hucusque fui’ (quoted by 
Jurasz, 1901) Winslow (1732) ex-pressed the view that ‘ Les Crico-Thyroldiens 
sont disposes d’une fafon qu’il est difficile de determiner leur usage Us 
peuvent ou faire reculer le Cncolde, ou faire avancer le Thjrolde, et cela plus 
obhquement de bas en haut et de devant en arriere ’ The mam question has 
been whether the cricoid cartilage remains fixed, while the thjroid cartilage 
rotates downwards and forwards, or vice versa Negus (1929) advocates the 
former new , and attributes the fixation of the cncoid cartilage to the cnco- 
pharj ngeus muscle If this be so, then the anterior end of the \ ocal fold should 
more forwards as the fold elongates, and the distance between it and the 
\ ertehral column should increase How er er, the same result could follow if the 
cricoid were the morable cartilage, and the lai^mx as a whole were displaced 
forwards 
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A ^ normal larynx the cartilages are so radio-translucent that it is 
difficult to observe finer degrees of movement directly Hov ever, m one of our 
subjects m whom the thyroid cartilage vas calcified, rotation of the thjroid 
was clearly seen and amounted to 6° Tins is very close to the a^ eragc figure for 
rotation of the vocal folds, namely 7°, noted in theprecedmgpaiagraph, nltliougli 
of course one must not attach too much importance to a single obser\atioir 

The larynx as a whole undoubtedly moves upwards m humming lugh notes 
(PI 1, figs 1, 2, PI 2, figs 3, 4), as indicated by the corresponding upnard 
displacement of the vocal folds (average distance 1 vertebra, maximum 
2 vertebrae, minimum i a vertebra) This is associated with elevation, though 
to a less extent, of the hyoid bone, whieli also undergoes rotation (PI 1, figs 1 
2, PI 2, figs 3, 4) The upward movement of the larynx makes it diilicult to 
be sure of the extent of forward displaeement Cine-radiography Aiould 
probably give a clear-cut answer to the problem, but unfortunately was not 
available Some forward displacement seems definitely to occur, for if one 
measures the distance between the anterior extremity of tlie vocal fold and the 
vertebral column, it increases m the high notes by a maximum of 1 3 cm , 
whereas the maximum elongation of the vocal fold vas only 9 min Further- 
more, increase in the antero-posterior thickness of the prevertcbral soft tissues 
can frequently be seen (PI 1, figs 1, 2, PI 2, figs 3, 4) 

Apart from the possible restraining influence of the crico-phaiyngeiis on 
movement of the cricoid cartilage, the ary-epiglottic muscles may also cxeit 
an effect In high notes the hyoid bone is drawn forwards an average of 1 cm , 
and with it the epiglottis The pull of the ary-epiglottic folds vould indirectly 
prevent the backward rotation of the cricoid The position of the aiytcnoids is 
indicated by the shadows cast by the soft tissues surrounding them, in 
humming high notes there is no suggestion of the arytenoid movement vhicli 
might be expected to accompany rotation of the cricoid Besides the ary- 
tenoids — or rather the tissue mass around them — the line of the ary-cjnglottic 
folds IS also evident m a good X-ray 

It is generally assumed that the only movement possible betivecn the tliyroid 
and cricoid cartilage is one of rotation around an axis passing traiis\Trscl3^ 
through the two crico-thyroid articulations But this may not be the case In 
dissecting-room specimens where the muscles and hganients June been 
hardened by preservative, movement of any kind betveeii the cricoid and 
thyroid cartilages is difficult to demonstrate But m a fresh and unfixed larynx 
It becomes evident that, besides rotation, an appreciable aiitcro-postcrior 
gliding movement of the thj^roid on the cricoid may take place, and this no doubt 
i effected by the more horizontally placed fibres of the crico-thyroid muscle 


T/ie supra-glottic space 

The shape and size of the supra-glottic air space must be xaried 
rp^nnatm/freouenev of the air column, so that it corresponds vith, and is 
a^u^ed to. the vibratory frequency of the vocal foldt Thus m the lugh notes 
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the supra-glottic space is shortened, just as in an organ the higher the note 
the shorter the organ pipe employed The supra-h}Oid muscles, as well as the 
stjlo-pharyngeus and palato-pharyngeus, are mainly responsible for this 
shortening of the supra-glottic space In the case of the h^ oid bone the chief 
action seems to be everted antenorlj, since the bone is not onlj' elevated but 
also rotated backwards 

Futhermore, m the high note the larjmx is approximated to the hyoid bone, 
and u hat ii e have termed the hj o-\ ocal gap (betv een the hyoid bone and the 
vocal cords) is diminished This is presumablj' due to the contraction of the 
thjTO-hyoid muscles, and has the effect of shortening a segment of the supra- 
glottic cavity, and further assisting in reducing the height of the resonatmg 
column of air 

The supra-glottic cavity is not only shortened, but also videned antero- 
postenorly through the forward displacement of the hyoid bone (PI 1, 
figs 1, 2) 

Finally, it may be noted that the elevation of the larjmx is associated nuth 
a characteristic elongation of the trachea, and a straightemng of its antenor 
border In humming low notes, when the larjmx is depressed, the antenor 
margin of the trachea as seen in a lateral radiograph show's a charactenstic 
forward convexity In the high note, with tracheal extension, this disappears 

SUMMARY 

Lateral radiographs were taken of the larj'nx of twentj' subjects, humming 
low and high notes In changing from a low' to a high note the vocal folds 
usually become elongated, and rotated The larynx and hyoid bone are raised 
and the supra-glottic space shortened 

In three subjects w'lth considerable practice in singing, the elongation of the 
vocal folds w as greater than in the remaining seventeen subjects 

We are indebted to Prof J C Brash for a photostat copy of Moura’s (1879) 
paper, and to Mr Joseph Dann for assistance with the radiographs 
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EXPLANATION OF PLATES 

I’XjATr 1 

Figs 1,2 X rays of tlio larynx of an 18 year old male subject hunnning a lo« note (fig 1) and 
a Ingli note (fig 2) Note tlio elongation and rotation of the \ ocal folds, the narrow ing of tlio 
sinus, and the forward and upward displaconiont of tho larj'nx Nolo also the iiioiouieid of 
tlio liyoid bone In fig 1 tho lino of the ary epiglottic fold can bo clearly scon 

PnATr 2 

Figs n, 4 X rays of tlio larynx of a practised singor, fcnialo, ago 21, during the huininuig of' 
a low note (fig 3, ficquoncy 144) and high note (fig 4, frequency 8^2) Note the shortuesM of 
tlio vocal folds 111 fig 3 Note also tho traohonl olongation with straigbtoning of tho anterior 
border, tho olovation and rotation of tho hyoid bone, and tho increased tlmkiicss of tho 
provortobral soft tissues in fig 4 
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DENDRITIC CELLS 


By R E BILLINGHAM 
Department of Zoology, University of Birmingham 

INTRODUCTION 

It has been known for many years that m pigmented mammalian epidermis 
and in the matnces of the hairs, branehmg cells contaming melamn granules 
(variously described as melanoblasts, melanophores, dendntic cells, stellate 
cells, chromatophores, cellules amboceptnces, etc ) can sometimes be dis- 
tinguished in addition to the ordinary, rounded, epidermal cells None of the 
several theones which have been put forward at vanous times concerning the 
origm and functional significance of these branehmg cells has, how ever, so far 
attained general acceptance (see reviews by Hoepke, 1927, Percival & Stew art, 
1930, Meirowsky, 1940, Laterjet, 1938), though most authonties would agree 
with Meirow sky’s (1940) statement that ‘the central problem in pigment 
research is the origm and significance of the dendritic cells’ The ‘cell of 
Langerhans’, a branched cellular component of the epiderims onginaUy 
descnbed by Langerhans (1868) in normal human skm that had been im- 
pregnated mth gold chloride, although regarded by some authonties (WooUard, 
1935, Cowdry, 1938, Carleton, 1938) as identical with the branching, pig- 
mented cells for w'hich numerous synonyms have already been given above, 
will be considered separately here, smce Langerhans specifically demed that 
this element had anything to do ivith pigmentation and regarded it as a 
nervous element — a view subsequent^ supported by Bloch (1929) This view 
implies, of course, that these cells are distributed generally throughout the 
epidermis and are not restricted to the pigmented regions 

It IS probably true to say that in spite of all that has been WTitten on 
dendritic cells the great majonty of histologists regard the non-pigmented 
epidermis (and in many cases the pigmented epidermis also) as a homogeneous 
tissue in tlie composition of w Inch structure only one tj pe of cell participates 
In the present study a re investigation of the anatomical basis of pigmenta- 
tion of the mammalian epidermis has been undertaken (Part I of this paper) 
and the results of this investigation ha\e been applied to an analj'sis of the 
stnking system of branching elements observed in non-pigmented epidermis 
(Part II) Following Becker (1927) the term ‘dendritic cell’ will be used as 
a purely morphological descnption in preference to any of the other symony ms, 
since it begs no question about the ongin and functional sigmficance of the cell 

PART I THE DENDRITIC CELLS IN PIGAIENTED EPIDERMIS 
MATERIAL AND METHODS 

In this studv black and w lute guinea-pigs ha’i e been used tliroughout These 
animals were particularly suitable since m the areas that bear black hairs the 
superficnl cindermis itself is dcejily pigmented while in the white hair-bearing 
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regions the skm is non-p.gmented In other laboratory mammals, by contrast 
the ^Perflcial epidermis ot the skm that bears pigmented hairs is not 
pigmented This is so in the case of the body skin of the rabbit, but m the 
skin of the dorsum of the ear m which the hair density is rclntivch low 
some epidermal pigmentation does occur 

The epidermis of the ear of the guinea-pig, although differing m no 
essential details from that of the bodj^ skm ^vlth respect to pigmentation, 
proved more favourable for this investigation on account of its rclntivelj 
hairless nature and also because it vas much thicker than the body 
epidermis 

Fixation and siaimng Formol-mercuric chloride, prepared by mixing 
saturated mercuric chloride solution, 40% formaldehyde, and distilled iiatcr 
in the ratio of 50 15 35 parts by volume, was adopted as a standard fixative 
Paraffin sections were cut at 8-10 p and lightly stained uith Ehrlich’s 
haematoxylm and eosin To study the distribution of melanin sections vcrc 
either mounted unstained or were lightly stained with Orange G 

Studies with living cells These were carried out upon sheets of ‘pure’, 
pigmented epidermis — i e epidermis which had been completely freed from 
dermal material (PI 1, figs 1, 2) and upon emulsions consisting of isolated 
cells and undissociated clumps of cells These were prepared by the tryptic 
digestion of thin skm slices and the subsequent separation of the epidermis 
from its underlying collagen pad as described by Medawar (1041) This method 
IS referred to hereafter as ‘skm splitting’ It will be shown m another 
publication (Bilhngham & Medawar, 1948) that the epidermal sheet remains 
alive after this treatment 

The Dopa reaction When freshly excised tissue is incubated at 37° C with 
a 1 1000 solution in phosphate buffer at pH 7 4 of /-dioxyphcnylalamnc 
(‘Dopa’), a likely precursor of melanin (Raper, 1927), certain cells, including 
those known to be capable of forming melanin, bring about the rapid intra- 
cellular oxidation of this substance thereby becoming blackened by the 
resultant Dopa-melanin These cells are said to be ‘Dopa positive Iht 
standard procedure of Laidlaw «fc Blackberg (1932) was carried out upon 
frozen sections of full thickness skm and upon sheets of pure epithelium 
Counter-staining was found to be unnecessary, but it vas found advisable to 
fix the fresh tissue, e g m ‘formal calcium’ (Baker, 1044) for 2 hr before 
cutting in order to harden it 

Studies on hypei plastic skin Tliese were carried out upon pigmented c.ir 
skm which had been rendered hyperplastic by grafting it to a recipient area 
on the animal’s own thorax (Medawar, 1944) About 12 days after trans- 
plantation (the most favourable time) thin shavings of the 
Thiersch grafts were cut from the graft and ‘split’ Both the 
of epidermis and the collagen pad were then fixed, dchydra c , am c < 

and mounted unstained 
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OBSERVATIONS 

General histology of the epidermis The pigmented auricular epidermis consists 
of about si\ laj ers of cells and is penetrated b}' ivell-defined dermal papillae 
The melanin granules are located mainty m the cells of the basal layer in 
contaet ith the corium These cells are of C3dmdncal shape mth their long axes 
disposed in the direction normal to the plane of the integument The granules 
are generally heaped up over the poles, usuall}' the superficial poles, of the 
nuclei Other granules maj be distnbuted more evenly throughout the 03^:0- 
plasm of these cells In the more superficial layers in which the cell bodies are 
more rounded, the polar distribution gives way to a more e\ en one One gets 
the impression that as the cells move towards the stratum granulosum the 
quantity of melanin m each cell decreases This is probably illusory'^ as the 
cells become more superficial the 1 olume of the eydoplasm in relation to that 
of the nucleus increases and the original complement of melamn granules 
becomes diluted 

Jlelanm granules are to be seen also m the squamous cells of the stratum 
corneum 

In paraffin sections of pigmented skin dendritie cells can only rarely be 
distinguished This may be due to the fact that they are obscured by the 
rather dense pigmentation of the basal layer A few dendrites are occasionally^ 
1 isible by virtue of their pigment content, or a large, hea\nly pigmented cell 
body' may' be seen disposed honzontally and ly'ing so deep in the basal lay er 
as to touch the dermis 

In transverse sections of pigmented epidermis w Inch had been prepared by' 
‘splitting’ the dendritic cells and some of their processes stand out more 
clearly (PI 1 , figs 2 - 4 ) This is probably' attributable to the fact that as long as 
the epidermis is anchored down to the dermis the mdn'idual cells are under 
slight lateral compression, but when the basal lay'er is freed from its sub- 
stratum all the cells, particularly' the basal, are loosened, thus permitting the 
dendritic cells, and the processes from them which run in the intercellular 
spaces, to become apparent It is highly' probable that these intercellular 
spaces III the deeper strata of the epidermis are all permeated by the dendrites 
of these branching cells The so-called ‘intercellular substance’, so far as the 
epidermis is concerned, may' be none other than the protoplasmic extensions 
of dendntic cells 

The epidermis of the body rarely exceeds in thickness two lay'ers of cells 
including the basal laver, and dendritic cells or their processes are rarely' seen 
in sections unless the skin has pre\aousl\ been rendered ha perplastie The 
dermal papillae, which are feebly' dea eloped, arc broad and shallow 

In both ty pes of pigmented skin small, round, shield-shaped conglomerations 
of melanin granules may occasionally be seen laang m tbe ‘ intercellular spaces ’ 
at about the lead of the basal laaer 

Studies tcifh living cells The isolated cells which can be obseraedm suspensions 
prcjiarcd from pure, pigmented epidermis can be dianded mto three groups 
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according to size and the relative volume of the cell occupied by the nuclcii'' 
Most of the cells in eaeh group contain melanin granules 

Cells of the first group are those of the basal layer, and are the smallest 
They are roughly spherical in shape and have very little cv toplasni round the 
nueleus Pigment, when present, occupies a polar-capping position (PI 1, 
fig 5, and Text-fig 1) The melanin granules associated vith these cells do not, 
however, always foim a cap loiihm the cell membrane, for careful study ^'ith 
the oil immersion lens reveals that there may be a cap-shaped aggregate of 
granules either within the cell or closely applied to, but definitely outside, the 

cell membrane 



Text fig 1 lUustratmg rather diagrammaticallythc^^^^^ 

dendritic ceU and its ordinary basal The pigment granules, uluch are 

Avhich the end caps have coU.pass across tlio boundaries of the ortlinar> 

;dace,.ul„ «.an.a caps - 
the impression that they have broken avaj 

which they were once a part , i,oned conglomerations of pigment 

broken away from the cells that vore the , f 

JSC 
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illummation ‘pncUe’ remnants may frequently be seen projecting from their 
membranes These cells he between the basal layer and the stratum granu- 
losum pigment, iihen present, is distributed eienlj^ throughout them 
c\ toplasm and the ‘ caps ’ are verj"- rarelj’’ seen 

Cells of the third group are rarel}-- present in suspensions prepared bj hgliily 
scraping the undersides of pure epidermal sheets' The} are larger m surface 
area than those of the other groups, being normall} flattened, and their 
cytoplasm is packed -with semi-transparent globules of eleidm They usually 
contain scattered melanin granules 

Intimatcl} bound up inth the undissociated clumps of basal l^yev cells 
present in these suspensions, there can be observed dark bodies which are more 
irregular in shape and of slightly larger size than the basal layer cells These 
elements are so completely filled mth melanin granules, or at least tliepenphery 
of their cytoplasm is so completely lined inth pigment granules, that they 
appear homogeneously black and no internal structure can be distinguished 
These are the cell bodies (‘perikarya’) of the dendritic cells, and from them 
stumpy processes arise and travel outwards to pass between the surrounding 
basal layer cells 

If the amount of fluid between slide and covershp has been correctl} 
adjusted these clumps of cells gradually flatten out to form a single but still 
united layer of cells v Inch is highly suitable for the detailed study of dendritic 
cells Under such conditions the cell-bodies of dendritic cells appear elongated, 
rarely sphencal, and generally have a ma\imum diameter of 14— 16p and 
a minimum diameter of 8-12fi The maximum diameters obsened nerc 
19 X 18/1, but this degree of elongation is rare (Ordinary basal laj er cells 
> ary m diameter betii een 11 and 14/1 ) From the bodies of these cells a number 
of primar} dendrites arise they vary m number from 2-7, 5 and 6 being modal 
These primary dendrites branch peripherallj , niainl}^ bj’’ dichotomy, and as 
they travel outnards there is a progressiie diminution in their calibre 
Proximalh their mdth may be \cr\ ranable In the dendritic cells of ear 
skin It may be as much as 2 5ji at their point of origin from the cell bod} 
Dendritic cells of bod}^ skin have longer processes — their maximum length 
ma} be as much as lOO/i — -but the primary dendrites at their point of origin 
are much smaller, havmg a diameter of betncen 1 and 1 Sp 

The finer ‘tings’ of these branching dendntes can nearly alwa}s be seen to 
terminate m the vicinity of basal-la} cr cells in the form of a siielling iihicli is 
button or cap like m shape (PI 1, fig 8) This terminil cap, like the finest 
ramification of the dendrite itself — conspicuous entirel} on account of its 
iiiclaiim granule content — appears to be intimatel} applied to the membrane 
of the basal cell (Text-fig 1, PI 1 fig 8) and differs in no respect from the 
jiolar caps described above in relation to the isolated basal la^ er cells 

Fusion between processes originating from the same dendritic cell has not 
been observed, but instances of fusion between processes originating from 
different dendritic cells can be found b} careful examination of these flattened 
Anatomy 82 7 
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cell suspensions (PI 1, fig 9 ) Moreover, it may be establ.shed tlmt an end- 
button from one dendritic cell may be applied to the body of another 

he melanin granules contained vitlim dendritic cells are approximateh 

constant in size and are m all respects similar to those seen elscMlicrc vilhm 
the epidermis 

At the centre of the body of a dendritic cell a pellucid sphcie, iircsiimably 
the nucleus, can usually be distinguished (PI 1, figs G-S) When the pellucid 
sphere of a suitably flattened dendritic cell body is examined under an oil 
immersion objective by phase contrast microscopy a faint indication of the 
existence of a nuclear membrane and nucleolus is obtained If a drop of 
acidified methyl green is then allowed to run m under the edge of the covcrsliji 
and the same dendritic cells examined without the use of phase contrast, the 
nuclear membrane and contained nucleolus can be identified v itli certaiiitv 

The Dopa leaciion In sections Dopa-positive cells vere found onlj' m 
pigmented skin (see p 104, footnote) Tliej'^ were invaiiabl}’’ dendritic 111 form, 
their bodies, slightly larger than the basal layer cells, were usuallj’' disposed 
horizontally and so deep in the basal layer as frequently to touch the dermis 
From their bodies, which were deepl)'^ blackened by Dopa melanin, equally 
blackened processes arose laterally and apically, and branched among cells of 
their own and superficial layers In control sections vhicli liad not been 
treated with Dopa these dendritic elements could only very larcly and vitli 
difficulty be identified and then only by virtue of their natural melanin conlciil 
There could be no doubt that the elements made clearly visible m pigmented 
skin by means of the Dopa reaction were identical with the dendritic cells 
from living material described above 

Since dendritic cells branch principally 111 the jilane ol the epidermis 
transverse sections are obviously unfavourable material for studies of their 
numerical incidence and the extent of the ‘zones of mnuence’ of their branches 
This can be carried out best on whole mounts of pure pigmented epidermis 
mounted upside down In Dopa and non-Dopa material the picture vas 
'essentially the same save that in the Dopa material there vas more contrast 
between the dendrites and other cells and the final terminations of the dendrites 
were more readily visible (PI 2, fig 10) Under the high pover the terminal 
buttons are seen to be strongly Dopa-positive, the basal layer cells vith vhuh 
they are in contact are however scarcely visible, since they arc Dopa-ncgalivc 
and such natural melanin as they possess lies normally very close to the cap- 
hke endings of the dendrites 

A comparison of the dendritic cell content of black body skin and o pig- 
mented ear skin, based on the study of both living and Dopa-treated material 
reveals that in both there is but a single layer of dendritic cells, interspersed 
among the basal layer cells In ear epidermis the concentration of dendritic 
cells is much higher and they are found mainly in the epiderma 
between the dermal papillae (PI 1, fig 1) hfie m body epidermis the> are mo 
higlily concentrated at the bases of its broad and shallow epidermal ridges 
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Studies on hyperplastic skin In the week or two that follow the trans- 
plantation of a skin graft the mitotic acti\nty of its epidermal cells is greatl} 
increased If dendritic cells do in fact enjoy a cell hneage of their own, i e if 
they breed true to tj'pe instead of originating as induced modifications of 
basal laj^er cells, it seemed reasonable to hope that specific dmsion stages 
w ould be found in hj perplastic skin 

Examination of pure hyperplastic epidermis (from ‘split skin ’) re^ ealed that 
its melanin content was sub-normal The majority of the basal laj^er cells w ere 
completel}’^ devoid of melanin, and the dendritic cells, although no less 
numerous than in normal skin, contamcd onlj' about half the expected quantity 
of pigment granules * I^Ioreoi er, many of them were undergoing division 
From the various stages illustrated (PI 2, figs 11-14) it is clear that in crude 
outline the mode of di\nsion resembles that of an amoeboid cell in the sense 
that the dividing dendritic cell w ithdraws its processes and forms a pigmented, 
rounded sphere about 12p in diameter (measured from fixed material) 
(PI 2, fig 11) This becomes dumb-bell-shaped by constriction m an equatorial 
plane (PI 2, fig 12) At this stage daughter nuclei become nsible The two 
lobes of the dumb-bell draw apart and thick, blunt processes appear (PI 2, 
fig 18) Even after the bodies of the daughter cells have separated, and each 
has de\ eloped a fairly complex system of dendntes, daughter dendritic cells 
can often be seen linked together by a common process (PI 2, fig 14) 


PART II DENDRITIC CELLS IN NON-PIGMENTED EPIDERMIS 
MATERIAL AND METHODS 

In this study the non-pigmented skin of spotted guinea-pigs, of rabbits and of 
man has been used In the case of the rodents the epidermis of the ear prox ed 
more favourable for reasons which have already been given The human 
material consisted chiefly of trimmings from Thiersch grafts made available 
through the kindness of Prof T Pomfret Kilner (i c verj' thin grafts com- 
prising epidermis and the superficial part only of the dermis), w hich had been 
cut from the forearm 

Gold vnpregnatioii The technique adopted was essentially that described bj’’ 
Gairns (1930) ns a reliable method for demonstrating the nerve endings m 
muscle The humnn Thiersch graft material, or in the case of the rodents pieces 
of skin cut as thin as possible (in cither case the material must be fresh) was 
jilaccd m a mixture of one part pure formic acid and three parts filtered lemon 
juice and left in the dark for 10 min or until it had cleared The material was 
then rcniov ed from the liquid and lightlj blotted on a filter-paper It was then 
transferred to a 1 % aqueous solution of gold chlonde and returned to the dark 

• These obsenations nro in conformity with the fact that a graft of pigmented skm studied 
inicroscopicaU\ seems to lose its colour temporanh followmg transplantation taking on a pmkish 
colour at the end of the first neck and graduallv darkemng thereafter until its former level of 
pigmentation is regamed after about 3 weeks (sec BiUmgham A, Jfedawar, 194S) 
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q ently placed m a 25 % aqueous solution of formic acid and left in total 
arkness for 24 hr Finally the tissue uas again blotted and placed in pure 
g ycerine and left until it had cleared The epidermis iMth most of its deeper 
sftata intact was then fairly easily stripped from the dermis nith the aid 
o lie forceps It nas then mounted m glycerine, basal lajcr uppermost, 
together with any epidermal material i\ Inch' could be obtained bi hghtli 
scrapmg tlie upper (i e surface which nas applied to the epidermis) siirfa'^cc of 
the stripped collagen pad This latter part of the technique is similar, inaiii- 
pulatively, to that previously described for skin splitting When the sha\ mgs 
of skin were very thin they v ere teased and mounted directly after impreg- 
nation (This technique, although jirobably^ reliable for the purpose for iiliich 
Gairns described it, has not mvariably^ been successful as a method of staining 
white dendritic cells ) 

Metlnjlene hluc siatmng Thin shanngs of Imng skin vere used vith as httic 
of the dermis left adherent as possible These shavings i\ere nioimtcd on slides, 
dermal side uppermost, in a 0 02 % solution of methydene blue in llingcr’s 
solution (B D H niethydene blue, batch number 519420, has gn cn satisfactory 
results) After several iiimutes a few drops of a 0 2 % solution of tlic dy^c ui 
Ringer were drawn under the covershp and the preparation Mas cxaniinccl 
periodically' with the microscope After 1-2 hr it Mas obsen cd tliat the tissue 
as a M'hole had reniamed relatively luistained but in the peripheral region of 
the epidermal sheet certain elements, M’liich appeared to have a branching 
form, had taken up the stain selectively' At this stage the tissue Mas dehy- 
drated, cleared and mounted in Canada balsam after treatment Mith saturated 
ammonium picrate solution and Bethe’s fluid as described by' Carlcton (1938) 

Azan sioimng Full thickness non-pigniented skin Mas fixed in formol- 
mercuric-chloride, dehy'drated and cleared by' passage through the alcohols, 
cedarM'ood oil and hgroin After paraflTin embedding, sections Mere cut at 
10/n and at 15^ and stained by Heidenhain’s ‘Azan’ method as described by 
Paiitin (1946) 

OBSERVATIONS 

Gold impiegnaUon The superficial lay'crs of the epidermis, coniprisiiig tlic 
stratum granulosum and stratum corncum, y\ere found to be stained a deep 
purplish black by the presence of fairly coarse particles of reduced gold The 
deeper layers of cells, including the basal layer, Mere found to yary in colour 
from pink to deep red Only the nuclei of the cells in this case yy ere stained and 
Mhatever the nature of the colouring matter, it Mas not y'lsibly iiarticulatc 
The actual boundaries of these cells could be made out only Mith difliciilly 
The dermis rarely took on more than a deep pmk colour In successful 
preparations, at about the level of the basal cells of the epidermis, dark 
reddish purple bodies of shghtlv fusiform but irregular shape could be seen 
(PI 2 fig 15) Mhich Mere, on the aycrage, slightly larger than their ordinary 
epidermal neighbours These bodies Merc made visible by the presence of verv 
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fine granules of metallic gold mthin their substance and onlj with diificulU 
could a nuclear outline be distmguished This latter fact is not i erj surprising 
since, m effect, one was trjung to distingmsh a pale reddish hodj surrounded 
by a mass of dark coloured particles 

From these bodies a i ariable number of branches or dendrites arose (PI 2, 
figs 16, 17) On an aierage there were about five of these but any number 
between two and ten ha^e been observed ^ITien there were but few branches, 
their initial diameter tended to be greater than in the case of the multi- 
branched elements The mode of branchmg of these dendrites differed in no 
respect from that of the pigmented dendritic cells which have already been 
described The processes likewise occupied the intercellular spaces between the 
basal and more superficial cells and some exceeded 70p in length although the 
majontj laried between 30 and 40p The finer twigs of the branches seemed to 
be rendered rather brittle b}’’ gold mipregnation and were often found to have 
broken awaj from the parent cell In spite of this, it could be established 
bejond doubt that they terminated as small, button-shaped bodies in close 
pro\imit\ to the boundaries of the basal-Iaj er cells These processes trai eUed 
both horizontally and tow ards the surface but not deeply By careful searching, 
cases could be found m which end-buttons from these gold-impregnated 
dendritic bodies ended, not on an ordmar} neighbouring epidermal cell but on 
the perikaryon of an element of its ow n tj'pe Further, in several instances, two 
of these branched bodies w ere obsen ed to be united by a common dendnte 

From the above descnption of the branchmg elements which can be shown 
to exist in non-pigniented epidermis by gold impregnation it will be seen that 
thej closely resembled pigmented dendritic cells wuth respect to their size, 
shape, position, number, mode of branching, number and length of branches, 
the disposition and mode of termination of the branches or dendrites, the 
relations which maj exist between two such dendritic cells and finally their 
nucleate nature Merely on superficial inspection the branched elements of 
non-pigmented skin qualify to be called ‘white’ dendritic cells and to describe 
them more fulh would result onlj in a repetition of what has ahead} been said 
about pigmented dendritic cells 

In spotted guinea-pigs the non-pigmented epidermis of the sole of the foot 
(inirless and heai ih cormfied as in man), of bodi skin and of ear skm have all 
been found to contam w hite dendribc cells 

Apart from the fact that w lute dendntic cell bodies, as rei ealed by metallic 
impregnation, are of slightlj more irregular shape and that their processes ate, 
on an ai erage, of finer diameter than m the case of the pigmented dendritic 
cells there are no other purelj morphological grounds upon w hich pigmented 
and non-pigniented dendritic cells can be separated As a critical test of the 
possibiliti that the len slight differences m form might be fixation artefacts, 
the pigmented skin from a guinea-pig’s ear was treated b\ the full gold chlonde 
impregnation method In the resulting preparations there was no difficult! in 
distinguishing between granules of melanin and reduced gold chlonde, because 
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the former appear browmsh m transmitted light In very hcaAnh ingmented 
dendritic cells the body remained rounded m shape, probably on account of the 
mechamcal resistance to fixation-induced shrinkage offered b} the densch 
packed melamn granules On the other hand, those dendritie cells nhich ncre 
more lightly pigmented assumed a form similar in all respects to that of the 
white dendritic cells, and their finer t^Mgs A\ere rcAcalcd mth c^cn greater 
clarity than m vital preparations of pigmented dendritic cells 

Tlw white dendnhc cells of human skin Non-pigmented* human skin from 
the face, the arms and the abdomen was examined White dendntic cells uerc 
found in the epidermis m each case and were similar in all respects to those 
which have been described in the case of the non-pigmentcd skin of the guinca- 
pig (cf PI 2, figs 16, 17) 

Methylene blue staining was applied to skin from the human forearm, fioni 
the dorsum of the ear of albino and black-and-white labbits and to the uliitc 
ear skm of spotted guinea-pigs 

In each case elongated and irregularly shaped bodies could be seen m the 
epidermis at about the level of the very feebly stained ordinary basal layer 
cells They were slightly larger than the neighbouring epidermal cells and 
a variable number of branches arose from them (PI 2, figs 18, 19) Cell 
bodies and branches were rendered visible by the presence of numerous, 
brightly stained blue granules within their substance It is unfortunate that 
no cytological detail could be distinguished within these branching bodies 
With respect to their size, shape, numerical incidence, location and number of 
branches to which they gave rise, they were strikingly similar to the uliitc 
dendritic cells revealed m control material which had been treated vith gold 
chloride In the methylene blue stained material, however, the cytoplasmic 
bridges, Avhich are said to traverse the intercellular spaces and unite the dcejici 
epidermal cells, took up the stain strongly (PI 2, fig 19), particularly at their 
nodes, which made it impossible to trace the branches very far from their 
points of origin or to investigate their mode of termination On many occasions 
it was found that the finer ramifications of the cutaneous nerves had stained 
particularly well but m no case was there any indication that these were 
related to the branchmg cells (Woollard, 1935) 

Azan staining In sections of full thickness, of non-pigmentcd liumaii skin 
stained by this method and examined with the one-sixtli and one-twelfth 
objectives it was observed that certam cells in the basal layer of the epidermis 
were conspicuous by their larger size and by often being slightly elongated in 
the horizontal plane A much thicker layer of cytoplasm surrounded tlicir 
nuclei than in the case of the neighbouring epidermal cells (PI 2 fig 22), .uu 
although clearly defined ‘pl-icldes’ were present around the boundaries of most 
of the latter (PI 2, fig 22), in no instance were they found around the former 

^ m, u kindness of Dr H M Hanschcll I have now been able to study the 

pgmeutefdendLic ceUs in negro skin These arc essentiaUj similar to those found m pigmented 

guinea pig skin 
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(PI 2, figs 20, 22) In fact the lack of prickles constituted the most obvious 
diagnostic character of these large cells It could be established that famlj 
large protoplasmic branches arose from the lateral and distal boundaries of 
these cells, and these, b}’’ careful focusing, could be followed for a short 
distance as the> entered the adjacent intercellular spaces betu een the ordinary 
epidermal cells (PI 2, figs 20, 21) Unfortunately these processes neither took 
up the stain selectnelj enough nor differed sufficiently m refractive index 
from the cj toplasm of the neighbouring cells for them to be traced any farther 
None of these cells v, ere undergoing nutosis 

These prickle-less, giant basal-layer cells suggest v ery strongly that the Azan 
technique provides us with jet another method of demonstrating at least the 
cell-bodies of non-pigmented, branched cells m white epidermis 

The cells described m this section are almost certamlj’’ the ‘clear cells’ 
mentioned and figured bj^ Cowdrj’^ (1944) 

CONCLUSIONS 

The facts presented in Part I of this paper concermng the pigmentation of the 
epidermis support the theorj' tliat melanogenesis takes place exclusivelv 
within the cytoplasm of dendritic cells which have been showm to be constantlv 
present w ith approximately the same numencal incidence in all the samples of 
pigmented epidermis exammcd The nucleate nature of these branching 
elements, questioned bj some authorities (e g Cow drj% 1938), has been 
established, and it has been show n that as a result of certain stimuli, e g trans- 
plantation, thej undergo cell divnsion and maintain their tv pe specific cell 
lineage In no case w as there anj' doubt as to w hetber a divTsion stage belonged 
to a dendritic cell or to an ordmarj' epidermal cell These findmgs conflict w ith 
the so called ‘transition theorj^’ supported bj"^ Bloch (1927, 1929), according to 
which the dendritic cells are deriv ed from ordinary basal layer cells as a result 
of functional stimulation and represent an active phase m the pigment- 
forming function of the latter The numencal incidence of these cells m 
conjunction with the numerous processes to which each giv’^es rise provides 
a sjstcm whereby almost everj' basal laj-^er cell is ‘capped’ by the button-hke 
end organ of a dendritic cell process It has been show n that w henever melanm 
granules are present within the cj'toplasm of a basal-lajer cell thej' are 
mv'ariablj" located close to the point on the cell wall at which the end-cap of 
a dendritic cell is applied, although as these cells are traced towards the surface 
this highlj localized distribution is normallj' lost 
Dendritic cells are the onlj cells in pigmented epidermis to giv e a positiv e 
Dopa reaction No instance of an ordmarj' basal-laj'er cell giv ing a positiv e 
reaction has been encountered, though the end-caps w Inch make contact w ith 
them are often stronglj' Dopa-positiv e 
The value of the Dopa reaction in pigment research has frequentlj been 
criticized since it was first described bj Bloch (1927), on the grounds that 
a specific ‘Dopa oxidase’ does not exist and that such cells as leucocjtes 
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wh^h do not play any part m melanogenesis. gnc a strong positn c reaction 
The preset study is only concerned with the epidermis and AMthin this tissue 
p SI ive opa reactions have only been obtained from dendritic cells * Tlie 
end-buttons of these cells gave a particularly strong reaction Under these 
circumstances it seems justifiable to regard a positn^e Dopa reaction ns 
perfectly valid histochemical evidence of the existence of a mclano^rcmc 
system even though it offers no further information about it The mchinin 
granules which have been formed within the cytoplasm of the dendritic cells 
are probably seereted from them by way of the end-buttons and arc thus 
bi ought immediately mto intimate contact with the basal layer cells vhicli 
may possibly ingest them, a hypothesis supported by the results of tissue 
culture experiments in which melamn granules have actively been taken iij) In 
epithelial eells (Matsumoto, 1918, Smith, 1921, 1925) 

The occurrence of extracellular melanin in the intercellular spaces ol the 
epidermis which ultimately is absorbed by, and appeals within, the reticulo- 
endothelial elements of the dermis is explained by the fact that the cnd-caiis 
of the dendritic cells probably break away from their embraced basal layci 
cells and disintegrate, thus liberating the contained melanin granules, ns the 
latter travel towards the surface 


The elements so far non-committally designated ‘ white dendritic cells ’ liaN c 
been shown by tliree different techniques to occur m non-pigmcnted skm Thcj 
so closely resemble the pigmented dendritic cells m all respects, save that of 
melanogenesis, that they must be regarded as true-breeding variants of the 
same race of cells Among all the true-breeding races of cells knou n to histology 
it is difficult to imagine two which are obviously so closely related and yet so 
visibly distinct as are those of the pigmented and non-pigmcntcd dendritic cells 

The dendritic cell must be regarded as a cellular element constantly present 
within the epidermis, which is therefore a compound tissue composed of cells 
of at least two distinct races 

Their origin is no longer in doubt From cmbryological studies it has been 
established that in the case of amphibia (Du Shane, 1935, Twitty, 1930) and 
birds (Dorns, 1939, Easthek, 1939, Hamilton, 1941) the pigment cells arc 
derived from the neural crest legion Moie recently and, for the present 
discussion, decisively, Rawles (1940, 1947) has established that m the mouse 
too the melanophores- (as she calls them) are derived from the same region 
Thus the theory that the origin of the dendritic cells is related to that of 
nervous elements, supported by the work of Masson (1920), has been confirmed 


* In the white epidermis of the black and white spotted guinea pig a positive Dopa reaction is 
never obtained even after traumatic or actimc stimulation (Lewin L Peck, 1941 Ginsburg, 19 ) 
In the case of the so caUed albino gumea pig, however, the white epidermis of the ' ' 

such as the ears and the soles of the feet maj he blackened by such a mild form 
tion as that provided by cold weather, its dendntic cells wall then give a positive D j 
t nn IPmsburff 19441 and they may be seen in ordmary split skin preparations On inar^ 
"hte humarSe« appL Jresemble that of the albino guinea pig witl. respict to 
Spoteriy for melanogenesis'and consequent positive Dopa reaction of it, dendritic cells 
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Sew all Wright (1942) reviewnng the work which has been done on the origin 
and mechanism of distribution of vertebrate pigment cells, suggests that the 
spotted pattern in guinea-pigs is m part a pattern of arrested migration This 
theory was apparently based on the assumption that only the pigmented tj^pe 
of dendntic cell e^jsted Now that dendntic cells ha\e been shown to be 
integral components of the gmnea-pig’s epidermis, urespeetn e of whether it is 
pigmented or not, one is entitled to ask whether the future colour pattern of 
the developing gumea-pig is not determined m the epidermis before the 
dendntic cells hai e begun their migration from their presumpti\ e to their 
definitive positions, since it w ould appear that they are not melanogemc during 
the initial stages of the journey (Rawles, 1947) 

Apart from the melanogemc role played bj’’ the one vanant of the dendritic 
cell race, no endence can be offered at present concerning the function 
performed by these cells taken as a w hole The claim of Pautner, h6vy Diss 
(1928), based on a study of the pigmented dendntic cells, that these form 
a connecting link in a nutntis e syncytial system operating betw een the dermis 
and the epidermis is certainly verj^ attractive Most authorities, how ever, have 
failed to observe a single downwardly directed dendntic process actually 
passing mto the dermis and no mdication of one has been found m the present 
study Certainly the dendntic cell system is ideally suited, anatomically , to 
mediate tlie spread of a \ irus tj^pe of mfection through the epidermis once an 
infection has started 

Preparations of botli types of dendntic cell were demonstrated to Dr W 
Holmes and to Dr 0 L Thomas and each, mdependently, drew the author’s 
attention to their amazing similanty to certam of the glial elements of the 
central nervous system This resemblance, wluch has also been observed by 
Becker (1927), is particularly^ sinking if we compare white dendntic cells with 
protoplasmic astrocy tes The latter can only be demonstrated by means of 
special techniques, most of which involve metallic impregnation, and some of 
their branches termmate in the form of specific end-organs known as peri- 
vascular feet or podics (Penfield, 1932) which are at least superficially similar 
to the end-cips of dendntic cells A nutritiv'e function has been ascribed to 
certain of these glial elements by some histologists (see Ingleby, 1925) 
Certainly it w ould appear that both these ty pes of cell are closely related by 
V irtue of their common embryological derivation from the neural crest region 

The relationship which exists between the ‘cell of Langerlians’ and the 
dendntic cells described in this paper can only be determined by comparmg 
the white dendntic cells revealed by' the gold chlonde techmque with the 
‘dark staimng bodies’ described by' Langerhans in his onginal paper (1808) 
The account presented in this paper is in almost complete agreement with 
that of Langerhans w itli respect to the numerical incidence, size and shape of 
bodv and m number of dendntic processes to which the latter gives rise 
Moreover, Langerhans clearly desenbes and figures the terminal buttons He 
does not, however, seem to have observed any' relationship between the latter 
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and epidermal cells of the basal layer His cells are described as occiirrme at 
a relatively more superficial level m the epidermis than do the dendritic cells 
Ihe existence of a centrally directed process passing to the dermis, which he 
described upon slender evidence (on his own admission) has not been confirmed 
m the present investigation and,' finally, even in cases where a iich pigmenta- 
tion of the epidermis occurred he did not find pigment granules within his 
cells If due allowance is made for the fact that Langerhans worked with 
sections while the present investigation has laigely been based upon the studs 
of sheets of epithelium then it appears that the mam points of difference has c 
arisen through differences of technique and not because the elements mscsti- 
gated svere intrinsically different The findings of this ins'^estigation support 
the snew that the ‘cell of Langerhans ’ is the same as the (wdiite) dendritic cell 
Weddell (1942) in a study of cutaneous nerve regeneration diesv attention to 
the fact that the so-called Langerhans cells are abundant m the skin of the 
albino rabbit’s ear and aie revealed by methylene blue stainmg ss'hcn the fine 
regenerating nerve terminals approach them He suggests that these arc 
probably nothing more than modified Schsvami cells The results obtained m 
the present study confirm the presence of elements similar to those described 
and illustrated by Weddell m the albino rabbit’s car (here described ns wdiitc 
dendritic cells), but no indication has been obtained that they he m senes with, 
or are related to, the Schwann cell elements Li conclusion, if tlic identity of 
the ‘cell of Langerhans’ with the white dendritic cells is rejected and the 
nervous nature of the former is asserted then we are in fact asked to believe 
that within the epidermis twm entirely (functionally) different categories of 
branching cells exist side by side with a lemarkable similarity m form, 
incidence, location, etc 


SUMMARY 

1 A reinvestigation of the anatomical basis of pigmentation of mammalian 
skin has been undertaken based mainly on the study of the pigmented epidermis 
of the black and white spotted gumea-pig 

2 It has been demonstrated that although pigment granules are found m 
most ‘oidmary’ epidermal cells of pigmented skm they are not of endogenous 
origin, but are derived from branched cellular elements which have bten 

called pigmented dendritic cells 

3 These branching cells are located at the level of tlie basal-layer cells of ic 
epidermis From them branches are given off which travel along the inter- 
cellular spaces betw^een the ordinary epidermal cells, dichotomwing frequent y, 
and ultimately terminate in the form of ‘ caps’ or ‘ end-buttons ’ closelj applied 

to the boundaries of ordinary epidermal cells 

4 Evidence is presented which indicates that the pigment granu cs ar 

elaborated within these dendritic cells and arc ,7know'^n 

epidermal cells across the end-caps This hypothesis accounts for the v e know 
initial polar-capping distribution of pigment ivithin the epidermal cel 
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5 Dendritic cells have a cell-lineage of their ov. n and are not deru ed from 
ordinary epidermal cells of the basal layer as a functional modification 

6 Branched cellular elements nhich are similar in all respects to pigmented 
dendritic cells, sai e that they lack the melanogenic properties characteristic 
of the latter, have been demonstrated m the non-pigmented epidermis of man, 
the guinea-pig and the rabbit These have been called n hite dendritic cells 

7 It IS suggested that dendritic cells (both tj^ies) almost certainly fulfil some 
physiological function m the epidermis other than raelanogenesis 

8 The relationship between the white dendritic cell and the ‘cell of 
Langerhans’ is discussed and it is concluded that they are identical The 
theory that these cells have connexions with the nen^es of the skin is not 
supported 

9 It IS concluded that the mammalian epidermis is a compound tissue 
composed of at least two distinct cellular elements the dendritic cells and the 
ordinary epidermal cells 

My grateful thanks are due to Prof P B Medawar w'ho supemsed the work 
recorded in this paper and gave me great assistance at all stages, and to 
DrO L Thomas who has given me invaluable techmcal ad\ace and assistance 
The expenses involved in this research were defrayed by a grant from the 
Department of Plastic Surgery, Oxford University 
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^oianal 



Plate 2 


Journal of Anatomy, Vol 82, Paiis 1, 2 



BILLINGHAM-Dendritic ceres 



109 


Dendritic cells 

Fig 5 Isolated ordinary basal layer epidermal cclla from pigmented ear skin about 1 hr after 
teasmg out in Rmgcr s solution Slelanm granules are present tei(/iin the cells as charactenstio 
‘polar caps’ located between the nuclear and cellular boundaries It is evident that cytolvsis 
has commenced ( x 735 ) 

Figs 6-9 Pigmented dendntic cells from surviving preparations of apht black ear skin the under 
sides of which have been hghtly scraped and the resultant clumps of cellular material lightly 
squashed in Ringer’s solution The termmal buttons or end caps of dendntic cell processes 
can clearlj be seen appked to the boundanes of ordmary basal layer cells m Fig 8 Note that 
mclamn granules are present m nearly all ordinary epidermal cells Fig 9 shou s two dendntic 
cells umted by a common process They may represent the division products of a single dendntic 
cell which has recently divided, smee they possess very few processes (Fig 6, x310 Fig 7, 
X 220, Figs 8 and 9, x 390 ) 

Plate 2 

Fig 10 Pigmented dendntic cells This is a high power photograph of a preparation exactly 
similar to that dlustrated by Fig 1 after subjection to Dopa treatment for 1 hr The preparation 
IS unsquashed and the distnbution and optical depth of the dendntic cells of car skin arc 
normal Ordinary epidermal cells arc invisible, but numerous end caps of dendntic cell 
processes, which are strongly Dopa positive, can be seen ( x 400 ) 

Figs 11-14 Division stages of pigmented dendntic cells The preparation is unstained and is of 
pure pigmented epidermis of the ear which had previously been rendered hyperplastic by 
transplantmg it to a recipient area of the animal s chest for 12 days, viewed from the under 
side Fig 11 shows a dendntic cell which has retracted its processes and rounded off pnor to 
division Figs 12 and 13 show later division stages m which daughter nuclei can be distm 
guished In Fig 14 two daughter dendntic cells are seen which are stiU umted by a common 
process although each possesses its own fairly complex system of branches ( x 270 ) 

Figs 15-17 IVhito dendntic cells as revealed by a vanant of Gaims’s gold impregnation technique 
Figs 10 and 16 arc of the white car epidermis of the spotted guinea pig. Fig 17 is of the white 
epidermis of the human forearm Note that the distnbution, number, size and mode of 
branchmg is just the same as with pigmented dendntic cells Fixation with formic acid and 
lemon juice has, however, caused these cells and their processes to appear more compact and 
wiry The nuclei of the ordmary epidermal cells of the basal layer are casdy visible There 
IS absolutely no morphological difference betw cen the white dendntic cells ofhuman epidermis 
and those of the gmnea pig (Fig 15, x 100, Fig 16, x 180 Fig 17, x 135 ) 

Figs 18 and 19 White dendntic cells of human skin The preparation is of a Thiersch graft cut 
from the forearm and stamed supravitally with methylene blue solution m Rmger The 
nuclei, cell boundanes and cytoplasmic bndges of the ordmary epidermal cells can bo clearly 
seen in Fig 19 The processes of the dendntic cells have been rendered visible by the presence 
of deep blue stammg granules within their ey toplasm Compare these white dendntic cells, 
ns revealed by methylene blue staining with those demonstrated by gold impregnation (see 
Figs 16-17) (Fig 18, x95 Fig 19, x270) 

1 igs 20-22 IVhite dendntic cells of human skm as revealed b\ Hcidcnhain’s Azan method The 
matcnnl was taken from the abdominal region, fixed in formol mercunc chlondo and paraffin 
sections cut at 15 p These cells are slightly larger than their ordinary basal lax er cell 
neighbours and they have a rclatixcly thicker layer of cytoplasm around their nuclei 
Pnckles’ can be seen bndging the spaces between the ordinary epidermal cells but in no case 
can pnckics bo seen around the boundanes of the dendntic cells — a diagnostic character of 
these cells Processes which ansc from the cytoplasm of these white dendntic coUs and 
disapjic ir between the neighbounng cells can be seen in Figs 20 and 21 ( x400 ) 
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INTERNODE LENGTH AND FIBRE DIA]\IETER IN 
DEVELOPING AND REGENERATING NERVES 


Bv A D VIZOSO AND J Z YOUNG 
Department of Anatomy, Umvostiy College, London 


The processes of myelm formation during nerve regeneration ]i;n'c been 
1 datively little studied, it is now known that the normal spectrum of fibie 
diameter reappears after a nerve has been interrupted by crushing, though not 
after severance and suture (Gutmann & Sanders, 1943), but there is no mfonnii- 
tion available about the recovery of the mternodal distances In a normal 
nerve there is a linear relationship between mternodal distanpc and diameter, 
but it is not known whether this relationship reapjiears after regeneration ” 
Investigation of the question should serve to tlirow light on the unsoli cd 
problem of the significance of the nodes of Banvier No consistent theory has 
been put forward to explain the origin and significance of the segmentation 
of peripheral nerve fibres, though it has frequently been suggested that the 
nodes play an important part in conduction (see von Muralt, 1940) Thus 
Hursh (1939) describes an increase of conduction velocity pan pas’in with the 
length of the limb in cats since mternodal length and size of the limb bear 
a relationship this suggests a possible connexion betv ecn mternodal length and 
speed of conduction Such a connexion has also been suggested by Olfncr, 
Weinberg & Young (1940) ‘ and it is clear that mternodal length and width 
of the Banvier nodes as well as diameter explicitly determine the functional 
relationship between velocity and diameter according to the present theory’ 
However, investigations by Sanders & Whitteridge (194G) of regenerated 
nerves, m which all the mternodal segments ere short, showed no relation 
between mternodal length and conduction velocity The function of the 
nodes therefore remains quite uncertain their origin is equally obscure I’iif 
observations of Speidel (1932) suggest that the spacing of the Schuaiiii 
cells controls internode lengths, alternatively it has been suggested that tlie 
segmentation is determined by surface tension dividing the myelin into long 


droplets (Young, 1945) 

To test these theories we have made estimations of the relationship between 
mternodal distance and diameter in nerves of rabbits under the follow ing con- 
ditions (1) in normal adult animals, (2) in adult animals during the stages 
of nerve regeneration, (3) in young animals at various stages of growth, ( t) in 
young animals during the stages of nerve regeneration 

* After this paper had gone to press the paper by Hiscoe, H B . 1947. The d.str.hut.on of 
„,defra — « .n no4.1 »/r.gene»,od f “ ' , 

SI. .wa tb.b .ft.r 17 of rego— of ‘ 

fibres are of about the same size, 300;., ^respective of cahbre This length 


fibres of young rats 
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We shall not here discuss the nature of a node of Ram ler but consider that 
it IS definable as a place 'svhere the myelin sheath is interrupted, lea\ ing the 
axon bare The ends of the mj elm on-either side of the node ma> take i arious 
forms but, in the adult at least, they are smoothly rounded and co\ ered bj an 
mtuming of the neurilemma, making the cementing disc of Cajal The axon 
narrows at the node, but we have not been able to recognize the transi erse 
membrane across the axon postulated by von ^luralt (1946) ilany of the 
follow mg measurements depend on the recognition of nodes and the abo^ e 
criteria serve to distinguish nodes from accidental post-mortem breaks (not 
smoothly rounded and without cementing disc) or from Schmidt-Lantermann 
incisures (oblique and wnthout smoothly rounded ends) Nevertheless, the 
recognition of nodes is not always easy, especially in young animals and on 
small fibres The myelin may taper off gradually instead of making a sudden 
inward turn and the neurilemma is then difficult to discern How ever, in such 
small fibres the axon surface is usuallj' bare for a considerable stretch (PI 1, 
fig 2), making it easier to recognize the node 

METHOD 

All experiments w ere made on rabbits The nen^es w ere exposed and crushed 
with fine smooth-tipped w atclmiaker’s forceps under nembutal and ether 
anaesthesia, and the animals allowed to sunive for periods up to 486 days 
Nen'es taken from these animals w ere first stretched on cards, then placed in 
4% formaldehyde in 0 9 % NaCl and so stored until required for staining wnth 
solutions of 1 % osmium tetroxide in 0 9 % NaCl After staining the nerves 
w ere stored in glycerine to w hich one-third of w ater w as added , in this solution 
the dissociation of the fibres became easier 

For study of mternode lengths it is necessary to obtam single fibres dis- 
sociated for a distance of manj nodes With the abo^ e method of fixation and 
maceration it proa ed possible wath care to isolate and mount lengths of more 
than a centimetre, the longest fibre obtained showing 33 nodes The nenes 
were dissociated under a dissecting microscope with a pair of aerj’' fine needles, 
until single fibres w ere obtained Great care w as taken to minimize damage or 
stretching of the fibres Small fibres (under 5 g in diameter) w ere \ erj difficult 
to separate, and to avoid the danger of injury or stretching it was found 
convenient to Icaa e them attached to thicker ones After the nen e fibres had 
been isolated from the bundles they w ere removed wath the aid of a dissecting 
needle to a slide on which a large drop of cloa e oil, or creosote, liad been placed 
After a number of fibres (10-20) had been so transported and placed in tlie 
desired position, the creosote or cloi c oil w as drained off, the remainder blotted 
with filter paper, and a coscrslip placed wath Canada balsam 

When a drop of highh i iscous balsam is placed on the co\ erslip oa er the 
fibres the fiowang of the balsam between the slide and cos erslip causes the 
fibres to mosc out of position This was preaented b\ warming the co\ erslip 
and the balsam before co\cring the fibres the balsam then flowed casih 
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m Te\t-fig IC IS that obtained by the use of the usual methods of Imear 
regression (F isher, 1944) and if d is the average diameter of individual mtemodes 
in [I and I their a\ erage internodal length in mm , 

l=bd-^a, 

and h is +0 059 + 0 001 and a is +0 24 + 0 007 

A linear relationship betueen internodal length and fibre diameter has been 
found bj earlier workers also Kej & Retzius (1876) gave some measurements 
made on myelinated fibres m dog, rabbit, finch, pike and man, stating that 



1 ^ 6 8 10 U 14 16 18 

Dumeter (fJ.) 



Diameter (p.) 

Text fig 2 Prenous data on mtcmode lengths m nerves of rabbits, plotted as in Text fig 1C 
A from Kei A Retzius (1876), B &om Kubo A Yuge (1958) 

Hiesc data showed a relationship between fibre diameter and internodal length 
Tc\t-fig 2 \ show s the data w hich they gn e for the rabbit, plotted m the same 
wax as the results of the present measurements gixen in Te\t-fig IC The 
calculated regression line for their data has a slope of t-i-O 042 and cuts the 
axAs at 4-0 21 mm The data of Kubo ^ Yuge (1938) from the rabbit are 
shown plotted in the same way m Tevt-fig 2B, the constants being b-rO 082 
and n + 0 32 nun Therefore all the lines meet the (-axis close together but the 

8-2 
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data of Kubo & Yuge show much faster increase of intcrnodal length -with 
diameter than do those of Key & Retzius and the present expcrimcnls 

In egulartUes of node length along the fibres 

In any one fibre successive mternodes have, as a rule, approximately the 
same length Occasionally, however, fibres are found m which one or more of 
the mternodes is very much longer or shorter than the rest of the segments m 
the fibre In Text-fig lA, it will be seen that there are a feiv points which 
stand widely apart from those representing the majority of mternodes for any 
given diameter In one case (Table 1 (a)), a fibre approximately 9 g. m diameter 
showed one internode of 1 44 mm and seven betivecn 0 63 and 0 76 mm 
Excluding the long internode the mean internodal length of this fibre was 
0 71 mm , the long segment is therefore almost exactly tince as long as the 
average internodal distance In another case (Table 1 {h)), of a fibre of average 


Mean internodal length 
of the whole fibre 
(mm ) 


(o) 0 795 


(6) 0 848 


(c) - 


(d) 1 05 


Table 1 


Internodal Mean diameter Mean diameter 
length of each intomodo of fibre 

(mm ) (/i) (/t) 


rO 64 
0 72 
0 63 
14i 
0 72 
0 76 
0 72 
10 73 


0 4'i 
82 
93 
90 
87 
84 
76 
8 7; 


87 


(0 68 
0 69 
- 147 
0 75 
l0 75 


9 81 
12 0 

89 - 

90 
9 5j 


98 


(147 18 01 

0 42 11 0 

0 41 11 0 - 

0 70 no 

.148 18 o; 


/I 00 
0 46 
0 27 
0 43 
■ 1 10 
105 
103 
105 
105 


151, 

13 5 
98 

12 4 

14 3 . 
129 
14 3 

13 2 

14 9^ 


13 7 


a foT. five successive nodes were measured, here again there is 

aTng’ mtemLde the lhafo'f' thcotes' 

the long internode has a (Table 1 (c) and (d)) 

There were also cases oi short noues amu b , .j, j 
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and in some cases the short intemodes -nere also narrow The probable ex- 
planations of all these irregularities ■will be discussed on p 129 


Irregularities of diameter along internodes 


The fibres nsuallj swell out close to the nodes Table 2 shows ten measure- 
ments of diameter taken at approximate!}' equal distance along successive 


intemodes 
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(2) Internode tenths in adult regenerated nerves 

The new fibres which invade the penpheral stump durmg nerve regeneration 
are at first thin and non-myelmated, and only later thicken and acquire myelin 
sheaths (Hentowa, 1933, Young, 1942, Gutmann & Sanders, 1943, Rexed 
(L Swensson, 1941) We have been able to confirm the observ'ation of Shemngton 
(1895), Rexed & Swensson (1941) and others that the earliest myelin forms 
a continuous coat over the surface of the fibre Nodes appear as the fibres 
become larger but there is little information about the time of their appearance, 
or whether they are formed at distances corresponding to those found on the 
same fibres before the lesion The e'^penments described m this section were 
undertaken in order to im estigate tins question 

The peroneal nerv e of rabbits was crushed mth fine watchmaker’s forceps 
at a point about 80 mm abov e its entry into the peroneal muscles Following 
the operation the animals were allowed to survive for various periods of time 
and the ncrv es w ere then excised, fixed, stained, teased, and their constituent 
fibres measured as previously described The work of Gutmann & Young (1944) 
has shown that after crushing the peroneal nerve of the rabbit at this level 
fibres return to the muscle after 31 days, and recov erv of the spreading of the 
toes occurs at about the 53rd day In addition, Gutmann & Sanders (1943) 
liav c shown that w hen a nerv e is crushed at 80 mm from the muscle mv ehnated 
fibres are found throughout the peripheral stump after CO day s of regeneration, 
although they are all small It was therefore thought unprofitable to study the 
relationship betw ecu the intcmodal length and fibre diameter before a lapse of 
CO davs, and nerves were accordingly removed after CO, 90, ICO, 190, 45C and 
4SC days of regeneration 



118 


A D Yizoso and J Z Young 

60 days of legeneiation afte) ciiishing 

Fibres of a nerve 60 days after crushing present a very irregular appearance, 
but some undoubted nodes are seen Regions without apparent nodes nia\ 
follow parts of the same fibre in which the nodes are clearly marked (Tabic 3) 
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Moreover, some fibres were found in which, over the length studied, no nodes 
were seen at all Sherrington (1895) described similar irregularities of fibres 
and the absence of distinct nodes in the femoral (anterior crural) nerve of a cat 
severed 7 4 days previously Text-fig 3 shows the length of individual intcrnodcs 



Text fig 3 Internodes from peripheral stump of peroneal nerv o 
crushed mth smooth forceps CO da 3 fS prcvioiisl} 


assessed m this way, plotted against their diameter The fibres measured hat e 
a diameter ranging from 2 to 7^ and intcrnodal lengths vapmg from o .5 to 
0 7 mm as the range of fibre diameter is so small it is not profitab c to fit 
a regression line to these data The internodal length of the larger fibres is 
shorter m the regenerating nerve than in normal adult fibres of corrcsjionding 

diameter 

aaer crash, ns st,U have an .m^nlar 
appeXrld — r there are L, stretches of hhre ah.ch there ,s 
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a myelm sheath but no nodes Text-fig 4 shows measurements of mdmdual 
mtemode lengths plotted against their corresponding diameters Fibres 
ranging m diameter from 2 to lip. are present, as described bj Gutmann 
&, Sanders (1943), and the intemodal length shows a wide scatter, the inter- 
nodes are often very short even on the larger fibres As at 60 days, there may 
perhaps be a slight tendency for increase of mternode length inth diameter, 
but nothing like the normal relationship has reappeared 

160 days of regeneration after crushing 

In this nerve all the fibres examined showed nodes along theu w hole length , 
no stretches of unsegmented myelm such as appeared after 60 and 90 days 
were seen Text-fig 5 shows intemodal length plotted against diameter in the 



Text fig 4 Intemodcs from penpheral stomp Text-fig 5 Intemodes from penpbera] stump 
of nerve crushed 90 days previously of nerve crushed ICO days previously 


case of 357 int^rnodes from 35 fibres taken from this nerve The range of 
diameters represented is less than that found in the normal nerve Intemodes 
1 nr} m length from 0 10 to 1 05 mm , but the great majority of the measure- 
ments he between 0 25 and 0 75 mm There are altogether 19 intemodes 
betw een 0 1 and 0 3 mm in length, sc\ oral of them little aboi e the low er 
figure, and w e must therefore conclude that these x'er} short periods are not 
uncommon, on the other hand there are onlv tw o intemodes longer than 0 8 mm 
0\ er the range 0 1-0 8 mm the mtemode longtlis are scattered in approxi- 
mately a normal distribution, mth mode at 0 5 mm As at earlier times, there 
IS still a w ide range of mtemode length for each fibre diameter Comparing the 
figure w ith the corresponding one for the normal nerv c the following differences 
arc seen (1) The normal nene contains a substantial number of intemodes 
of considerabl} greater length than those seen m the 100 dais peripheral 
stump The normal fibres haxe intemodes measuring up to 1 30 mm , while m 
the 100 daxs stump there are xery few oxer 0 70 mm (2) Fibres of similar 
diameter haxe shorter intemodcs m the 160 daxs stump (3) The eorrelation 
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bel^een mternodal length and diameter is much less close than m the normal 

456 datjs of legeneiaiion aflo oushtng 

Fibres from tlie peripheral stump of a nerve taken 15 months aftci intcrrup- 
ton by crushing shoAved no greater mternodal length than m earlier stages 
Text-fig 6A shows the individual mternodcs plotted against their diamcfcis 
The largest fibres recorded are 16-17;i m diameter and mternodcs Aar> in 
length Avithin a narrovrer range than before, from 0 26 to 0 74 mm , the 
maiority measuring from 0 35 to 0 65 mm, the mode being at t5’mm 
As after the shorter time of regeneration, there is a great A’^ariation in thcv 



Diameter (p.) Diameter (fj-) 

Text-fig 6 Peripheral stump of nerre crushed Text fig 7 Peripheral stump of nerve crushed 
456 days previously A, individual mternodcs, 480 days prov lousb A, individual inter 

B, grouped by diameter nodes, B, grouped by diameter 

mternodal lengths and these are distributed regularly about the mode At an\ 
given diameter nodes of a variety of lengths are to be found Te\t-fig GB show s 
the internodes ^grouped according to diameter classes, and the regression line 
calculated for the points in this graph is nearly parallel to the base line, 
b being only +0 002 and the line cutting the Z-axis at -t-0 49 inm 

Even after this long period of regeneration, therefore, the mternodal length 
remains short, in fact it is comparable over the a\ hole range of diameters AAith 
the mternodal length of normal fibres of 3-5 /x m diameter Morcoxir, a eon- 
siderable variability of mternodc length is still found 

486 dags of 1 egeneration after ciusJnng 

Another nerve, examined 4SG days after interruption, fulK confirms the 
results found at 456 days Text-fig 7 A shovs the mternodal length plotted 
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against diameter of individual segments and in Tevt-fig 7 B the measurements 
are grouped into diameter classes and their mean internodal length plotted 
The regression line shows a very slight increase in the internodal length ivith 
diameter, having a slope of 6= + 0 012, and cutting the Z-avis at +0 38 mm 
In this animal, as in the previous one, the nerve contains onlj occasional 
macrophages and the fibres have an appearance suggesting a complete regenera- 
tion in everjdhing except internodal length At this time the fibre diameters 
have increased in such a way as to reconstitute the normal fibre spectrum 
almost exactly (Gutmann &, Sanders, 1948), yet the intemode lengths remain 
abnormally short PI 1, fig 1 shows two normal nerve fibres (A and B) for 
comparison wnth the regenerated fibres (C and D) which have short mternodes 

(3) Relation between internodal length and fibre diameter ingrowing rabbits 

In an attempt to tlirow further light on the relationship between mtemodal 
length and diameter an investigation has been made of the conditions during 
development Three animals from a single litter were used and the length of 
the femur was measured each week, animals being killed at 2, 4 and 12 w eeks 
It was found that the femur length of the rabbits at 2 weeks w as approximately 
one quarter, at 4 weeks one-half and at 12 weeks three-quarters of that in the 
mother of the litter 

In the youngest of these animals some of the fibres presented a complete 
myelin sheath and where this was present it was always divided into segments 
by nodes However, the shape of the end of the myelm differs from that of an 
adult segment, and usually a rather long stretch is left naked at the nodes 
(PI l,fig 2) It is not always easy to recognize the nodes on these smallest fibres 
and w c cannot exclude the possibility that m the very first stage of its pro- 
duction the myelm is not divided by nodes Kappers, Huber & Crosby (1930) 
report that ‘ the myelm first appears during development as a thm continuous 
layer with no nodes of Ranvicr’ Others have described nodes from the 
beginning and w e are not able at present to say w hether Kappers’s observation 
IS true of some stage earlier than we have obsen^ed Even non-myelinated 
fibres have a layer of orientated lipoid material (Schmitt & B^iar, 1939) and 
this IS presumably not segmented, but the nodes ajipear at least soon after an 
osmium-staining lay cr can be seen 

Some fibres showed an undulating outline of the myelm, and m others the 
my elm w as broken into droplets of different sizes (PI 1, fig 2), sometimes with 
a ‘neck’ of my^elin between two beads PrcMous authors, Vignal (1883), West- 
plnl (1894), Bardeen (1903), have described similar appearances m the my'clin 
at dilfcrcnt stages of grow th They interpreted the early appearance of droplets 
along the fibres as showing growth into larger droplets, which finally join each 
other and grow towards the nodes 

These curious appearances w ere obsers ed on many fibres from ses eral y oung 
animals Since the ncr\ es had been prepared m the same way as the normal 
ones, prey loiisly described, it can only be concluded that these are stages m 
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the totmation of the myelm (see p 12e) The neives token from nn.mnis older 
than 4 weeks showed these phenomena very rarely It ,s obt .oiislj impossible 
to measure the mtemode length m a fibre divided m this ,i ay and our measure 
meats have therefore been restneted to cases svhere segments resembhiio 
normal internodes were found 

2-wee1f old rabbit 

In Text-fig 8 A the lengths of individual segments of the peroneal ncivc of 
a 2-week old rabbit are shown plotted against their corresponding diametcis 
The lengths range from 0 1 to 0 6 mm , but the two lov est points are so isolated 
as to suggest error and remaining points he between 0 25 and 0 GO mm The 
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Tetfc fig 9 

Text figs 8 and 9 Fibres from peroneal nerves of litter mate rabbits, 2 and 4 necks old 
respectively A, mdmdual intemodes, B, grouped by diameter 


internodes were also classified into diameter groups, as was done vith the data 
of the adult animals (Text-fig 8B) From these data a correlation line lias 
been calculated, it cuts the 1-axis at 0 22 mm and the value of 5 = 0 030 As in 
the case of the regenerating nerves an outstanding eharactcnslic is the 
variability of the mternode lengtlis at a given fibre diameter and this makes 
the significance of any trends doubtful However, Text-fig SB suggests a 
distinct tendency for internodal length to increase v itli diameter, but at a muth 
slower rate than in the adult Fibres of a given diameter therefore have 
shorter internodes at this stage than later 


4-weelo old labbit , „ 

In Text-fig 9 A internodal lengths are sliomi plotted against diameters m 

the case of ^ 4-week old rabbit The points arc much less scattered than at 
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2 -weeks and in particular the larger fibres do not show occasional short nodes 
The line suggested b^ the points shows a more definite upward trend than in 
the previous animal The maximum diameter is little larger, but the nene 
eontains more of the larger fibres , moreo\ cr the mtemodes are longer for any 
gi\ en diameter, reaching as much as 0 72 mm Text-fig 9B show s the regression 
line for the data grouped by diameters This line has a slope of -t-O 036 and 
cuts the 1-axis at -fO 25 mm 



Djaimltr (^) 

Text-fig 10 Fibres from peroneal ncrrcs of rabbit, 12 weeks old 
A, individual mtemodes, B, grouped diameter 

'12-ueeL old rahhil 

In Text-fig lOA the diameter and mtemodal length of a number of inter- 
nodcs from a 12-week old rabbit are shown plotted against one another For 
each diameter there is an appropriate internodal length and m fact the close- 
ness of correlation between diameter and mtemodal length in this animal 
approaches that seen in the adult nciw^c However, although the diameters 
range up to 17 /x the longest intemode is onl\ 1 07 mm Text-fig lOB shows 
the results after grouping by diameter, the regression line of mtemodal length 
on fibre diameter has a slope of 6= -fO 0-18 and cuts the /-axis at -)-0 25 mm 
It IS therefore steeper than m the two preaious animals, but less steep than in 
a normal adult animal Text-fig lOB maj also be eompared wath the regression 
hue calculated for the data of Im A Retzius for an ‘adult’ rabbit (Text-fig 2\) 
which cuts the / axis at a similar point and has a similar slope 
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11 days old anrl fh ii ^^ 7 ^ ^ crushed when the ammnl yns 

dmLter flm 2 regenerate for 190 days Fibres ^arymg ,n 

er^cl, T.7 ^ present, as in the adult nerve 160 days after 

that 1 W length varied from 0 14 to 0 00 mm It is obA lous 

ou e impossible to fit a single straight line to this collection of 



Text fig 11 Pibres of penpheral sUirap of peroneal nerve of rabbit crushed nlien tlic animal 
was 11 days old and then allowed to regenerate for 100 days A and B ns before 



Text fig 12 Lines fitted to data grouped by diameter for fibres of periplicml stump at various 
times after crushing All animals adult except that marked * Juv ’, curved lines fitted b^ eje 
where necessary 

points, and this is even more clearly brought out by the plots of mean jntcr- 
nodal distance against mean diameter per diameter group (Tcxl-fig 1 1 B) 
Internodal length shoved an increase xvith diameter oxer the range 2-8 p, but 

not above tins . , 

In this young animal the larger fibres had considerably greater internodal 

length than fibres of comparable diameter m the adult nen as rcgcncratctl for a 

similar time In Text-fig 12 the curves vhich can be approMmateh fitted to le 
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graphs of mean mtemodal length against mean diameter per diameter group 

m the case of all theregeneratingnen’^es investigated are shomi plotted together 

The striking fact about these data is the close correspondence both in slope and 
position betn een the regions of the graph related to the larger fibres for all the 
adult animals, v hether the ners^es -were taken after 60, 90, 160, 4-56, or 486 
days of regeneration In the case of the animal in v hich the nerve ■was crushed 
n ben it V as > oung, hov ever, the mtemodal length e^^dentlJ'became considerably 
greater, the line becoming horizontal at f=0 70 mm instead of f=0 45 mm 


DISCUSSION 

(1) The early stages of myelin formation 
Although much remains uncertain it is possible from these data to gne 
a provisional general theorj' about the origin and distribution of the nodes of 
Ran\ ler During development it seems that the myelm is segmented from its 
first appearance , it is possible that at a verj^ early stage it forms a continuous 
cylinder (see Westphal, 1894, and p 121), but by the time the sheath is readily 
visible it IS already divided by nodes Since the Schwann cells are spaced out 
along the fibres before medullation it might be that they are the determining 
factor in this initial segmentation Speidel (1932) shows how during the out- 
groivth of regenerating nerv e fibres short mtemodal segments are formed around 
each Schwann cell nucleus, and later become elongated Such short segments 
may be almost spherical at first, but in normal development they are probably 
more elongated at their first formation and in view of all the evidence that the 
myelin tends to break into segments under surface tension (Young, 1944, 1945) 
it IS tempting to look to that force for an explanation of the initial subdivision 
The myehn is certainly able to behave as a fluid and indeed is added to the 
sheath in the form of round drops Presumabty, therefore, during deA elopment 
there is a continual readjustment of this liquid coat co^ ermg the axon surface 
and it IS possible to imagine conditions in which such a viscous liquid, 
enclosed betw een an inner and outer cj finder, w ould break into stable segments 
about 0 25-0 SO mm long It is very remarkable that this value reappears 
repeatedly as the intemode length of the smallest developing regenerating or 
adult fibres, shorter intcrnodes have been reported only in a few cases from 
the earlj, stages of regeneration w hen it is difiicult to be sure of the status of 
the diMsions seen in the fibres (p 119) 

The whole intemode once formed was compared long ago bj Ran\ ler (1878) 
wath a liquid drop, enclosed wathin the Schwann cell as is the fat droplet within 
a fat cell It has been suggested (Young, 1944) that the shape of the ends of 
the nodes would be explained if the myelin wets the surface of the axon but 
not that of the tube m aihich it mns Early in de\ elopment the axon is left 
bare for long stretches at the nodes presumably because the m\ elm tends to 
remain restricted by surface tension around the Schw arm cell nucleus w here it has 
originated This tendency is opposed bj the grow th pressure of the axon which, 
if the ncurilcniina is sufficicntlj resistant to stretch, will press out the mjelin 
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towards the nodes Early m development tlie neurilemma is very thm and 
herefore stretches readily and the nodes are at first long as the tube vail 
becomes more rigid the myelin is pressed against it and eventually fills up the 
whole space, producing the typical adult form of the node At sonic stage tlic 
material of the neurilemma, turning m over the myelin at the node, becomes 
thickened to make the ‘ cementing disc’ which adds to the stability of the node 
and perhaps retains the myelin m place 

This theory may prove far too simple to explain all the facts, but it seems 
to fit those at present available Further information may show that the 
myelin is not all produced near the Schwann cell nucleus and v e ccrtamlv 
know too little to say how its lamellae are laid doivn Round drops arc often 
seen in various parts of developing fibres, especially near the nucleus and at the 
ends of the internodes 


The fact that the myelin is obsen'’ed to subdivide into shorter segments 
(ovoid droplets) during the period of 2-4Aveeks after birth (p 121)is presumably 
a further manifestation of its inability to cover the increasing surface Later, 
when more myelin is added, these droplets are squeezed together and rejoin, 
so that from 4 weeks onwards a regular segmentation is observed along most 
of the fibres 


(2) The hnem lelahonslnp between tniei nodal length and fihe dminetci depends 
upon stretching of the nerve after myehnaiion 
If the above analysis of the beginnings of myelmation is correct the linear 
relationship in the adult will follow if the segments are later stretched by 
g^o^vth m length of the limb Little is knoAvm about the way in which grov th 
in length is achieved in peripheral nerves, but Weiss (1941) has suggested that 
once nerves have made connexion ivith the muscles or other organs they arc 
later increased in length by a ‘tovnng’ action produced by the growth move- 
ments of the neighbouring parts This would introduce anotlier factor into tlic 
conditions controlling the stability of the myelin and might stretch out the 
already formed elongated myelin drops Otuka (1940) found in the splanchnic 
nerve of the cat that those fibres which will become largest arc the first to 
myelinate It is probable that a similar process occurs in the somatic nerv es 
of all mammals, those fibres which vnW become larger (i c somatic motor and 
annulo-spiral proprioceptor fibres) becoming myelinated at an earlier age than 
the eventually smaller sensory and motor fibres It follovs that adult large 
fibres have been fully myelinated during a greater period of grovth in length 


of the limb than adult small ones 

If, when myehn is first laid dorni, the nodes are formed mth the same 
spacing on all fibres, then the later increase m length of the nerve v ill ensure 
that large fibres come to have longer internodes than small fibres The linear 
relationship between internodal length and fibre diameter found in adult 
animals would then be a result of the grow th of the limb in length and need not 
necessarily have ariy particular significance for conduction 
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Evidence that initial spacing of the nodes is the same on all fibres can be seen 
from Text-fig 13, inhere the regression lines of internodal length on diameter 
found in animals of ages 2, 4 and 12 ■neeks and the adult are shown plotted on 
the same graph These lines show a i erj' close approach to a meeting point at 
fibre diameter about 1 y. and mtemode length 0 25 mm The regression line 
calculated from the data of Key & Retzius (Text-fig 2 A) meets the same point 
and so approximate^ does that for Kubo & Yuge (Text-fig 2B) The critical 
diameter above which all fibres are myelinated (see Duncan, 1934) is 1 p and 
this IS therefore presumably the diameter at which a myelin sheath first appears 
on a fibre during development The above data indicate that the spacing of the 
nodes is the same on all fibres vhen they have a diameter oi ly whatever 
diameter thej’’ maj ultimately attain, this uniform initial length itself strongly 
suggests that there is a phj sical factor determinmg the segmentation 



Text fig 13 Internodal lengths and djametcrs for rabbits of 
various ages, grouped bv disioetcr 

Text-fig 13 also presents further confirmation of the hypothesis that the 
linear relationship seen in the adult animal results from grow th in length of 
the nene after mjelination On this figure the four regression lines make 
approximately equal angles wnth one another, each successn e line representing 
the same increment in slope as the one before it The young animals for w Inch 
the lines were plotted had femora whicli were approximately ’ and } 
times as long as the adult femur The steepness of the regression lines in these 
animals increases, in a similar way, as would be expected on our ha^pothcsis 
Some interesting consequences follow from a wader application of this h^ po- 
thcsis Thus, if we were to compare the length of mtemodcs on large fibres of 
similar diameter in nciwes taken from two parts of the body in which the 
rclatne growth rate followang birth is markedly different (for example the 
facial ncr\c and the sciatic), we ought to find that the nene m the more 
rapidh growang region has longer intemodes than the nen c from the more 
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slowly growing region Preliminary measurements show the expected relations 
m nerves of Man and of fishes 

(3) The numbe) of into nodal segments m aftbie is constant 
after myehnatton is complete 

evidence that, as our hypothesis requires, during the growth of 
he animal the number of mternodes upon any one fibre remains constant 
Boycott (1904) and Takahashi (190S), who measured the length of mternodes 
m fibres of all diameters m frogs of different sizes, found that the graph of 
average internodal length’ for fibres taken from the sciatic nerve, jfiotted 
against body length, was practically identical Avith the graph of sciatic nerve 
length plotted against body length By contrast the graph ol the number of 
mternodes (sciatic length/average internodal length) against body length ivas 
a line parallel to the latter axis 

A similar condition obtains m the rabbit The internodal distance of fibres 
of small diameter of a normal adult animal or of young animals is 0 25 nun , 
whereas the largest adult fibres show an internodal distance of 1 30 mm , 
approximately six times as great Using femur length as an index of tlic 
growth of the limb we also find from a few measurements that the limb 
increases in length by a factor of nearly six times during the period of growth 
from birth to the adult phase (femur length at birth, 20 mm , m adult, 120 mm ) 
Assuming that the nodes are initially spaced 0 25 mm apart m an animal of 
a femur length of 20 mm , in a piece of nerve equal m length to the femur there 
Will be approximately 100 mternodes, and this figure remains constant 
throughout life 

(4) The hneai lelahonship between intei nodal distances and fihie diameter 
We are now in a position to discuss the discrepancies between the data on 
internodal length presented by previous authors The regression line of intcr- 
nodal distance on fibre diameter plotted from Kubo & Yuge’s data (1038) has 
a much steeper slope than that obtained cither from our present data or that 
calculated from the fragmentary data given by Key &< Retzius (sec p IH) 

A possible explanation of this discrepancy may be found in the observations of 
Boycott (1904), Takahashi (1908) and Hatai (1910) that internodal length 
increases towards the periphery m frogs, presumably because the growth rate 
there is high Itmiay be that fibres of a given diameter taken from the penpherj 
of the limb would show more widely spaced nodes than pieces of the same nerve 
taken more proximally, and a regression line plotted from data obtained froin 
fibres taken at a x^anety of levels might be steeper in slope than one «c^'cd 
from measurements of mternodes taken from a single level only Kuho ugc 
(1938) found mternodes m mammals up to 1 96 mm long on fibres lG,i in 
diameter, much longer than we have found in the rabbit Similarly, in the to,u , 
they found mternodes up to 3 7 mm in length, distances far greater than those 
found by Boycott (1904) at the proximal ends of frog nerves Unfortuna c > , 
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Kubo & Yuge do not state from -what level on the nerve then- specimens nere 
taken, or whether from a number of levels 

By contrast a regression line calculated from the data of Kej^ & Retzius is 
less steep than that given by our own data from adult animals, though their 
line corresponds closely to that giv'en by intemodes taken from an immature 
animal 12 veeks old Key & Retzius (1876) do not mention the age of the 
animal from which their fibres were obtained it is clear that it cannot have 
been very young smce fibres up to 17 ft in diameter were found 

From the present data and those of the above-mentioned authors it can be 
seen that there is a linear relationship between mtemodal length and fibre 
diameter for all vertebrates for whieh measurements have been recorded The 
slope of the regression line expressing the relationship may varj’ even for the 
same nerv^e and species as a result of such factors as size, age, and level from 
which the specimens of nerve are taken 

(5) Irregtilartites tn the size of the tnternodes are sometimes 
- found in normal nerve fibres 

As previously mentioned, abnormally long or short intemodes are sometimes 
found m normal nerve fibres In some cases one individual segment measured 
twice the length of any other segment in the same fibre (see Table 1) It is 
probable that such segments are formed by the disappearance of a node, 
producing a single segment twice as long, with approximately the same 
diameter as the rest of the fibre Speidel (1932) descnbed a case of end-to-end 
anastomosis of mtemodal segments This seems to correspond to that of our 
two first examples (Table 1(a), {b)), where the long segments have approxi- 
mately twice the length of the average measurements of the remaining inter- 
nodes Such changes would agree with the hypothesis put forw ard abov e, about 
the development of the myelin It was suggested that towards the end of the 
dev elopment of a fibre the myelin becomes pressed out an ay from the Schn ann 
cell body, tending to fill up the space at the nodes It seems likely' that in some 
cases this would lead to disappearance of the node altogether 

In the remaining examples of irregularities we find the opposite phenomena 
On a fibre with long intemodes there appear one or several smaller intemodes 
The diameter may be either the same as, or smaller than, that of the remainder 
of the fibre The explanation of this condition may be found in the ‘ spontaneous ’ 
degeneration of my'clmated pathway's descnbed by' Speidel For instance, m 
one of the fibres mentioned on p 116, an mtemode seemed to hav e degenerated 
and been replaced by' three shorter ones 

(6) During regeneration in the adult the normal relationship bctxceen 
intcrnodal length and fibre diameter does not reappear 
The general conclusion on this subject which emerges from the results of the 
present experiments is that following regeneration the normal linear relation- 
ship between mtemodal distance and fibre diameter does not reappear As late 
Anatomy 62 p 
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as 16 months after interruption of the nerve by crushing the largest fibres 
present have mternodes far shorter than those of fibres of similar dfameter in 
a normal nerve At this late stage, however, the population of fibres is normal 
as regards size and myelin thickness, and the conduction rate of the fastest 
fibres IS restored to normal (Sanders & Whitteridge, 1946) In fact as a 
generalization, it is possible to say that follomng regeneration there is no 
correlation bet^veen mternode length and diameter This remarkable result 
follows, according to the above hypothesis, from the fact that, with one 
exception to be discussed later, these experiments were made on adult animals 
m which httle or no growth took place during regeneration The myelin on 
regenerating fibres apparently at first forms a continuous cylinder, in the 
animals examined 60 and 90 days after operation considerable stretches of 
uninterrupted myelin were found The Schwann cell nuclei have of course 
multiplied by as lAuch as thirteen times and ivill not therefore at first be spaced 
at regular intervals along the new fibres, this continuous column of Schvann 
cells can hardly produce regular segmentation of the myelin Nevertheless, as 
the diameter increases, the myelin breaks into segments, presumably, on our 
hypothesis, as a result of its surface tension, just as a secondary breaking of 
myehn occurs during the rapid growth 2-4 weeks after birth (p 121), or when 
fibres were artificially increased m diameter by placing m hypotonic solutions 
(Young, 1945) A simple physical explanation for the segmentation is suggested 
by the fact that its minimum periodicity resembles that seen in normally 
developing fibres However, there is from the start considerable variation in 
the length of regenerating mternodes, as might perhaps be expected under the 
varying conditions of the Schwann tubes 

There being during regeneration no growth of the limb as a whole, the intcr- 
nodes of the earliest developed fibres do not subsequently become more 
elongated than those of the fibres which were later m developing their sheaths, 
and the normal relation between diameter and internodal length docs not 
appear However, a very striking feature after regeneration in the adult is the 
wide distribution of mternode length for any given diameter, and the sig- 
nificance of this variation is not yet clear It may perhaps be greater in the 
earlier stages, suggesting a possible disappearance of some of the earliest nodes, 
leading to fusion of segments There are certainly fewer very short mternodes 
after long periods of regeneration 

The one case in which regeneration was studied in a growing animal is 

consistent with this hypothesis The difference between the nerve m this case and 

the nerves produced in adult animals after similar time of regencraton is tliat 
the scatter is less and the mternodes longer in the young annual This non c 
be expected if the process of obliteration of nodes mentioned above is com- 
plicated by growth, stretching the segments once formed As 
formed until regeneration has been going on for some time nc can 
that the longest mternodes are shorter after the regenera ^ ^ 

animal thaninanormaladult, since thenervewasinterruptednda>safterb 
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CONCLUSION 

Significance of the nodes of Ranvier 

The hypothesis that the mj'^ehn. segment is an enclosed droplet thus fits the 
observed results throughout More physical knowledge is undoubtedly reqmred 
about the factors operating in the maintenance of the ner\ e fibre, such as the 
rate of production of a'voplasm and myehn, the viscositj' of a'^.on and my'elm, 
and the resistance to stretch of the neurilemma, before the theory can rest 
upon a firm basis The changes in intemodal length which have been obsem ed 
all suggest, however, that the myelm behaves as a fluid 

Unfortunately this does not tell us what is the significance of myehn seg- 
mentation in the life of the animal The investigations of Sanders & Whitteridge 
(1946) on conduction velocity durmg regeneration, which included measure- 
ments made on the regenerated neiwes here described, shon that there 
IS no direct relationship between the spacing of the nodes and conduction 
velocitj'' They found that conduction velocity increases mth diameter m 
the regenerated nerves very much as m a normal adult animal , the larger 
fibres conduct faster than the smaller in spite of the fact that all have 
the same length of intemode It is important also to remember that the 
myehn of fibres of the central nervous system shows no nodes, perhaps because 
it IS not enclosed m the neurilemmal tubes found in peripheral ner\^es (Young, 
1945) This difference by itself suggests that nodes are not essential for pro- 
pagation of nerve impulses 

In neu of these facts it is difficult to believe the theory that length of mter- 
nodal segment is an important factor determining velocity' of ner\ e conduction 
If the above hypothesis is correct the segmentation of the my'elin of peripheral 
fibres IS due to the presence of an mevtensible neurilemmal tube uhich is not 
vetted by' the myehn The tube no doubt ser\es to support the peripheral 
axons, vhich are liable to considerable strain by' reason of their position m the 
limb, it seems likely that the segmentation of the myehn is a further factor 
preventing damage to the fibres Liquid material vould very' readily' be 
pushed along a tube, division into a senes of elongated droplets makes tins 
much more difficult and may' thus protect the fibre against disruption The 
e^'ldencc at present available suggests that the nodes of Ranmer have tins 
* protcctiv'c ’ function or possibly' that their presence is a physical result of the 
protective tubes, and vv'ithout any' special adaptive significance Gaps in the 
my elm lay'cr, how ev'er caused, no doubt profoundly modify the electrical con- 
ditions and affect the direction of current flow, but the periodicity of the break 
does not appear to influence the velocity of conduction and it is therefore 
possible that their significance is to be found in some aspect of the life of 
peripheral nerv e not primarily connected wath impulse transmission 
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SUMMARY 

1 In the peroneal nerve of adult rabbits there is a linear relationship bctv ccn 
internodal length and fibre diameter Internodes on fibres of 3-1 8 a raiiirc from 
0 40 to 1 50 mm in length 

2 Occasionally internodes are found which are twice the normal length, 
without variation m the diameter of the fibre Stretches with short intcrnoclcs 
are also found and these are sometimes associated with a reduced diameter 
over this stretch 

3 In normal development the myehn on its first appearance is divided into 
segments separated by long nodes, leaving considerable lengths of bare a\on 

4 The ongmal segments may temporarily divide into smaller droplets 
during the period of 2-4 weeks after birth, 

5 The length of the internodal segments increases with the length of the 
whole nerve, and the' diameter also increases with age 

6 The number of internodal segments in a stretch of nerve fibre, therefore, 
remains constant throughout development The linear relationship between 
internodal length and diameter found m the adult is a result of the fact tluit 
the fibres which will ultimately become the largest are the first to medullatc 
and their internodes are therefore the more stretched by growth after their 
formation 

7 In regeneration the myelin at its first appearance is continuous over the 
surface of the whole fibre and there are no nodes It then divides into short 
segments varying from 0 15 mm upwards to 0 7 mm After long periods ol 
regeneration, therefore, all fibres have similar internodal lengths, although the 
range of diameters has become normal (3-18 /x) 

8 A nerve fibre made to regenerate soon after birth passes through the 
periods of division into internodes plus the stretching of the nerve by tlie 
gro^v^h of the limb Consequently, the internodal length of the segments found 
is considerably larger than in regenerated nen’^es of adult animals 

9 All these relations can be understood by the assumption that an mter- 
nodal segment of myelin is a liquid droplet maintained m tlie shape of a 
cylinder by the outward pressure of the axon and the resistance to stretch of 

the neurilemma i 

10 The results, taken with the experiments of Sanders hittcridgc on 

the conduction velocity of the same regenerated nerves, sliow that there is no 
necessary relation between conduction velocity and internodal Icng i 

This investigation was assisted by a grant from the Medical Ilcsearch 
Council 
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EXPLANATION OF PLATE 1 

Fig 1 Short mtemodes after regeneration A and B, normal fibres of rabbits’ peroneal neno, 
C and D, fibres from a nerve 'which had regenerated for 48G dajs after mtcrniption bj 
cnishmg Fibres fixed in formol and stained with osmium totroxide 

Fig 2 Fibres of peroneal nerve of 4 week old rabbit, showmg breakage of myelin into drojilets 
and Jong nodes Fixed and stamed with 1 % osmium tetroxidc 
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QUANTITATIVE HISTOLOGY OF WALLERIAN 
DEGENERATION 

II NUCLEAR POPULATION IN TWO NERI^S OF DIFFERENT 

FIBRE SPECTRIRI 

B-i G A THOMAS, Department of Embryology, University College, London 

INTRODUCTION 

Abercrombie A Johnson (1946), m Part I of this im estigation of the quanti- 
tative histology of Wallcnan degeneration, found that the number of nuelei m 
rabbit peroneal and tibial nen’^es increased to a maximum at about 25 days of 
degeneration, after vhith it declined somesshat, though at 100 days it vas still 
five times as great as that of undcgencrated ners’^e They analysed the nuclear 
population into various sub-populations, those of endoneurial connective tissue, 
blood-vessel u alls and Schii aim tubes, dn iding the Schn ann tubes into those of 
large, medium and small calibre Each sub -population was found to multiply 
to a different extent during degeneration Since there m ere big differences in the 
amount of multiplication of nuclei of Schu arm tubes of different sizes, Aber- 
crombie lolmson suggested that the multiplication of nuclei in any nen^e 
undergoing degeneration n ould be found to depend, at least in part, on its fibre 
spectrum (that is, on the relative numbers of nerv e fibres of different sizes ii hich 
make up the nen e) The present investigation vas undertaken, first, ;n order to 
discoacr -whether a similar general pattern of rise and fall of nuclear numbers 
occurs in nenes other than the peroneal and tibial, and secondly, to find out 
iihether there are quantitative differences in the magnitude of changes of 
numbers of nuclei iihich could be correlated i\ ith differences m the fibre spectra 
of the nen es Both problems bear on the i\ ider problem of the mechanism of 
mitotic stimulation 

In this paper the changes during degeneration in the number of nuclei in the 
ncr\ c to the medial head of the gastrocnemius muscle (henceforw ard called the 
n g m ) and in the sural nen^e of the rabbit are sun'ey ed The n g m and sural 
nerve were chosen because they' both occur in the same region of the thigh, 
immediately alongside the peroneal and tibial ner\cs prcMously studied, but 
arc \ cry different m fibre spectrum, the n g m consisting mamly' of large fibres, 
and the suial ncr\c mainly' of small ones The aserage fibre diameter of the 
peroneal and tibial nerses is sirail ir and roughly' intermediate between that of 
the 11 g ni and sural ner\ e The anterior tibial nen e also was studied, but not 
in such detail as the n g m and the sural nen e The anterior tibial is the distal 
branch of the peroneal nera c m the shank, its fibre spectrum is similar to that 
of the sural ncr\ c but, since it is in a different anatomical region, it gn es some 
Anatomy 82 10 
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opportunity of discovering whether factors other than tlie fibre spectrum of 
a nen^e affect its changes of nuclear population during degeneration 

The nuclei of the different types of cell have as far as possible been eonsidered 
separately, as was done by Abercrombie & Johnson I ba^e distmguislicd 
between nuclei within the Schwann tubes (tubal nuclei) and nuclei in the 
endoneurium These latter have been analysed into connective tissue nuclei 
and blood-vessel wall nuclei The tubal nuclei have not, however, been analysed 
according to the size of tube in ^vhlch they were contained 


MATERIAL AND METHOD 


The operative procedure was as described by Abercrombie <fe Johnson (19 K>) 
The nerve was cut in the thigh region and allowed to degenerate for the 
lequired period, after which the animal was killed and part of the peripheral 
stump removed and fixed The centimetre of peripheial stump adjacent to the 
cut made at operation was not used for counting, since it was likely to have 
been affected by the trauma of the operation For undegenerated material (he 
corresponding region of nerves m unoperated rabbits was removed and fixed 
Such undegenerated nerves are referred to as 0-day nerves 

The periods of degeneration studied were 5, 10, 25, 50 and 100 days for tlic 
n g m and sural nerve The nerves are correspondingly referred to as 5-daj , 
10-day, etc In addition, sural nerves at 15 days of degeneration and anterior 
tibial nerves at 10 and 25 days were taken 
112 nerves from 43 rabbits have been used 

Histological treatment was as described by Abercrombie Johnson (1940) 
Longitudinal and transverse sections at 7ju. were used The sural nerve vas 
attached Jo a small piece of card to prevent distortion during fixation but, 
since the n g m is firmly bound to the tibial nerve throughout the region used, 
there was no need to support it in this way 

Transverse sections only have been used for counting the nuclear population 
To determine the changes in the total population, total counts, i c counts of all 
the nuclei visible in one transverse section, were made For dincrcntinl counts, 


1 e counts in which the nuclei are analysed into tubal, endoncurial, and blood- 
vessel wall nuclei, complete transverse sections of the n g m were counted, but 
for the larger and more densely populated sural nerve a number of fields 
selected at random was counted When the population of a whole frans\crsc 
section was to be estimated it was usual to average the counts of three (oniplclc 
sections, selected at random, of each nerve When fields only w ere counted, four 
to ten fields from each of three sections w ere used 

In the tables which follow, the figure for degenerated nen cs has in most tnses 
been expressed as a percentage of the mean number of nuclei in undcgcntnitcd 
nerves In the analysis of the sural nerve, however, it was found to be imiios- 
s'lble to make satisfactory differential counts of undegenerated non cs Hut iR 
5 days of degeneration endoneurial oedema makes the different kmc ' 

more easily Ltinguishable The differential counts of all nerves hai c, therefore, 
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been expressed as a percentage of the number of nuclei in 5-da\ degenerated 
nenes, at nhich time the total population has already increased, but onh 
between and 2 times 

Estimations of the statistical sigmficance of differences betw een means ha\ e 
been made by t test, the le\ el of sigmficance used for a conclusion that the 
samples concerned do not come from the same population being a probability 
(P) that the} do so, of 0 01 

The necessity for standardizing the nuclear counts for alterations during 
degeneration in the v olume of the whole ner\ e and in the average length of 
nuclei was pointed out by Abercrombie & Johnson (1946) The methods used 
by them, and bj' Abercrombie (1946), to achieve this standardization have 
been applied m the present paper 

Changes in volume of the nerve produce misleading results only w hen the data 
consist of counts of the number of nuclei per microscopical field IVhen counts 
of all the nuclei in a complete transverse section of the nen e ha^ e been made 
there is no need to standardize for changes m the volume of the nen'e, since 
changes in volume ivill not affect the total number of nuclei present In the 
differential counts of the sural nerv'e, tile percentages of the \arious ty^ies of 
nuclei obtained from sample fields haA e been con\ erted into actual numbers of 
each of these types of nuclei in a complete transverse section, by applymg the 
percentages to the total counts made separately , of all nuclei in a transi erse 
section of the nerve Any effect of volume changes on individual fields will 
thus be allowed for 

The method for allowing for changes m nuclear length, used by Aber- 
crombie A Jolmson (1946), was used for the sural and anterior tibial ner\es, 
except that the length of the nuclei of e\ ery individual nerv e w as not measured, 
but the as erage nuclear length in longitudinal section at each time of degenera- 
tion w as obtained from a sample of the nerv'es degenerated for that length of 
time Since the small amount of stretching mvohcd in fixing the sural nenc 
to a piece of card might have affected the length of the nuclei and, therefore, 
the number of nuclei w hich appeared in a transi erse section counts of the sural 
nerve fixed in this w ay w ere compared w ith the counts of ner\ es w hich had not 
been so treated The difference between these counts was so small, a\eraging 
only 6 %, that the effect of fixmg on cards can be regarded as unimportant in 
relation to the scale of differences dealt w ith here 

It was found to be impracticable to cut longitudinal sections suitable for 
measuring nuclear lengths of the \ ery small n g m and, therefore, the method 
gnen by Abercrombie (1946) of counting the nuclei in transsersc sections of 
5fi and 12^ was used 

The nuclei of all the nerscs studied shorten during early degeneration, and 
the ninximuni shortening was found at 10-15 dass of degeneration m the sural 
ncr\c, and at 25 days in the n g m The nuclei of the n g m shortened most, 
then those of the peroneal and tibial nen es, and the nuclei of the sural nen e 
shortened least of all 

10 2 
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RESULTS 


Changes in total nucleai population 

Table 1 shows the mean number of nuclei m a complete transverse sechon of 
the n g m and sural nerve at different times of degeneration, eorrccfcd for 

number Of nuclei in undegenerated nerves Column 3 shows the figures for the 
nuclei of the n g m and column 5 those for the nuclei of the sural nerve Tlie 
data are shown graphically in Tevt-fig 1 along with the data for peroneal and 
tibial nerves obtained by Abercrombie & Johnson (1946) (henceforward referred 
to as peroneal-tibial data) 


Tablel Mean populations of allnucleiof nencs at different times of degenaaiwu, 
expressed as peicentages of the mean pojmlations of nndcgenei aied naves, 
with standaid errors 


N g m 


(I) 

(2) ' 

(3) 

Days of 

No of 

Mean 

degeneration 

nerves 

population (%) 

0 

8 

100± 9 

5 

8 

202±13 

10 

7 

740±30 

25 

8 

1860±97 

50 

6 

1370±60 

100 

6 

1120± 36 


(4) 

No of 
nen cs 

0 

f) 

0 

9 

7 

6 


Siirnl 


JIcnn 

population (%) 

100 ± 5 
140± b 
3]9±22 
470i21 

28n±]0 

252±13 




In all three nerves the population increases quickly to a ma\imuni and 
thereafter declines, more rapidly at first, less rapidly later But though the 
changes m nuclear population of the three kinds of nerves have tlic same 
general trend, there are considerable differences m the amounts of multiplication 
which the nuclei of the different nerves undergo The nerves with the larger 
fibres show the greater degree of multiplication PI 1, figs 1-4, showing de- 
generated and undegenerated sural nerv^es and n g m , illustrate the diflcrcnccs 
Taking the n gm or sural nerve separately, the differences between total 
populations at different times of degeneration are all statistically significant, 
except for the differences betw^een the populations at 50 and 100 days in hotli 
nerves At 25, 50 and 100 days of degeneration, but not at 5 ,ind 10 days, Hie 


percentage increase of the nuclear population of each kind of nerve is sigriiti* 
cantly different from that of cither of the other kinds 

The main nuclear estimations were made at 0, 5, 10, 25, 50 and 100 dajs of 
degeneration and of these the highest for al! nerves were those olit.uncd at 
25 days of degeneration Since, however, measurements have been made at 
only one time between 10 and 50 days, it is possible that the true peak of 
population IS earlier or later than 25 days In supplemcntarv cxpcriinenfs it 
has been shown for the sural nerve that m fact it is earlier Four sural nerv cs 
of 15 days of degeneration, together with the corresponding nerves from llic 
other side of the animals (contralateral controls) of 25 days of degeneration 
were prepared The populations of the nerves degenerated for 15 da>s were 



QuanUiative histology of Wallenan degeneration 139 

respectively 118, 126, 122 and 121 % of the populations of their 25-day contra- 
lateral controls The difference between the populations at 15 and 25 days is 
statistically significant Further in- 
vestigation -would probablj show 
that the population peaks of the 
ngm andperoneal-tibialner\esare 
not exactly at 25 days of degenera- 
tion, though it is improbable that 
the maximum populations have 
been seriously underestimated 

At its maximum (at 15 daj’s of de- 
generation) the nuclear population 
of the sural nerve has mereased 
C times, while that of the ngm 
has at its maximum (at 25 dajs) 
increased 19 times In comparison 
the peroneal-tibial population has 
increased 8 time's by 25 days The 
maximum recorded ngm popula- 
tion increase is therefore more than 
3 times that of the sural nerve and 
more than tw icethatof theperoneal- 
tibial nen es 

By 100 days of degeneration the 
nuclear population of the ngm has 
declined to 00 % of the peak popula- 
tion, that of the sural nerve to 44 % 
and that of the peroneal-tibial 
nerves to 04%, the decline being 
most rapid immediately after the 
presumed peak of population Ins 
been reached 

An undegenerated sural ncr\ e averages 211 nuclei per transverse seetion of 
7/1. thickness and an undegenerated n gm a-verages 41 nuclei, the cross sectional 
areas of the two kinds of nerve being roughly similar Since the ngm has 
a higher rale of nuclear multiplication than the sural nerve the populations 
of the two ncr\cs become more and more alike numerically as degeneration 
proceeds Thus, at 25 days of degeneration, the sural nerr e a\ erages 990 nuclei 
per transr erse section and the n g m 770 In 1 cu mm of undegenerated nerve 
there are roiighlj 90,000 nuclei in the case of the sural ner\e, 27,000 in the 
n g 111 and 43,000 m the peroneal-tibial nerves Bj 25 daN s of degeneration the 
dificrcnces between the number of nuclei in the different neries is much less, 
the sural non c population being 440,000, the n g m 450,000 and the peroneal- 
tibial 330,000 nuclei per cu min These figures refer of course to fixed material 



Text fig 1 Mean populations of nuclei of three dif 
ferent neixes at lUfierent tunes of degeneration, 
expressed as percentages of those of undegene 
rated nerves • Sural nerves, O peroneal tibial 
nerves, O a g m 
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Text fig 2 Ma\imuni populations of nuclei of four different nen es expressed na percentages of the 
nuclear populations in these nerves when undegenerated, plotted against the average cross 
sectional area of a nerve fibre of the respective nerv^cs ® N g m , O peroneal tibinl nerves, 
• sural nerves, © anterior mesenteric nerves 


The histological method used by Dr Causey to obtain tlie average fibre areas 
was that used by Aitken, Sharman & Young (1947) It involves a shrinkage of 
the living fibre diameter probably not exceeding 10% In meastiniig Ihc 
diameters, the nerve fibres were divided into groups which differed from each 
other m diameter by 2/x The number of fibres in each group was then multiplied 
by a figure for the cross-sectional fibre area calculated from the median fibre 
diameter of the group The weighted mean of the average fibre areas so obtained 
for each group is the average fibre area of the whole nerve 

The points on the graph in Text-fig 2 represent the maximum iierceritage 
increase of the nuclear populations of the n g m , the pcroncal-tibial and sural 
nerves, and since Joseph (1947) shoxsed that the nuclei of an unmjclmatcd 
nerVe do not increase m number at all during degeneration, the 7cro point can 
be put in, representing the anterior mesenteric nerve which he used its a rough 
approximation it appears that the amount of nuclear proliferation in the nerves 
IS directly proportional to the average cross-sectional fibre area 
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The relationship i\hich thus appears to hold between the average fibre area 
and the amount of proliferation in a nerve has been further checked on the 
anterior tibial nen e If the relationship really exists, then the anterior tibial 
nerve should shoiv changes m population more like those m the sural nerve 
than those m the peroneal from which it arises, since the average fibre area of 
the anterior tibial ners'^e (Sanders &, Young, 1944) is very similar to that of the 
sural nerve This proved to be the case At 25 days of degeneration six anterior 
tibial nerves had a nuclear population which nas 14G % of the nuclear popula- 
tion of SIX other anterior tibial nerves at 10 days of degeneration The com- 
parable figure for sural nen^es is 150 % Them g m and peroneal-tibial nerves, 
with their very different fibre spectra, showed increases in nuclear population 
oL260 and 215 % respectively 

Differential counts of nuclear multiplication 
In order to discover to what extent each of the nuclear categories present 
was responsible for the differences in the amount of proliferation in the different 
nerves, the populations have been analysed into tubal nuclei (i e those nuclei 
which lie within the Schwann tubes), endoneurial connective tissue nuclei, and 
blood-vessel wall nuclei 

The difficulties involved in the recognition of the different kinds of nuclei m 
the undegenerated sural ner\m, which has a large number of small fibres, were 
found to be insuperable Therefore, in considering these differential counts, the 
figure for a nerve of 5 days of degeneration has been used as a standard from 
which to calculate the relative amoimkof nuclear increase 
The figures for the populations of different nuclear types have been stan- 
dardized for changes in nuclear length during degeneration, though for this 
standardization the average length of all the nuclei in the nervm was used and 
not the av'crage length of each individual type 

The nuclei of the sural nerve were not counted differcntiallj at 15 days of 
- degeneration, but m the light of the total counts at this time, it should be 
remembered that the peak population of each of the different categories of its 
nuclei IS likelj’' to he nearer to 15 days than to 25 days 

Changes in numbers of tubal nuclei 

The population of tubal nuclei in both kinds of nerv c shows, like the popula- 
tion of all nuclei, a rise to a maximum follow ed by a decline As w ith the total 
population, the n g m tubal nuclei show a much greater increase than those of 
the sural They reach 17 times the 5-day population at 25 days The peroneal- 
tibial tubal nuclei increase 8 times and those of the sural nerve only 4 times 
The third columns in Tables 2 and 3 show the changes m tubal populations 
w ith tune of degeneration 

Taking each kind of nerve scparatclv, at each time of degeneration studied 
the tubal nuclear population is significant!} dificrent from the tubal nuclear 
population at either the preceding or the following times of degeneration 
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After 10 days of degeneration the tubal nuclear population of any of tlic three 
kinds of nerve is significantly different from that of either of the others 


Table 2 Newusjastiocnermx medtahs Mean popnlahons ofvauous nuclei of 
nei-ves at different times of degeneiation, expiessed aspeiccntages of the iman 
populations of 5-day degeneiated nerves, with standaid eirois 


^ ( 2 ) 
Days of No of 

degeneration nerves 

0 8 

6 8 

10 7 

25 8 

60 6 


(3) 

Tubal 
nuclei 
47±'S 
100± G 
606 ±18 
1680±96 
1220±67 


Endoneurinl 
nuclei 
63± 6 
100± 8 
188±12 
336±18 
200±12 


Blood vessel 
wall nuclei 
45± 5 
100 ± 7 
I07± 9 
103±22 
143±17 


Table 3 Suial nerve Mean populations of various nuclei of neives at diffeicnt 
times of degeneiation, expressed as peicentagcs of the mean populations of 
5-day degeneiated neives, with standaid eiiois 


(1) 

(2) 

(3) 

Days of 

No of 

Tubal 

degeneration 

nerves 

nuclei 

6 

8 

I00± 0 

10 

7 

286±16 

26 

8 

436±29 

60 

6 

264±17 


(4) 

Endoneurial 
nuclei 
] 00 ± 6 
]58± 9 
230±I7 
]44± 9 


( 6 ) 

Blood vessel 
nail nuclei 
100±13 
I09± 8 
120±10 
]07± 8 


Changes in numbers of endoneui lal connective tissue nuclei 

The numbers of endoneurial nuclei are shown m Tables 2 and 3, column 4, 
expressed as a percentage of the mean population of nuclei at 5 days of 
degeneration It ivill be seen from Tables 2 and 3 and To\t-fig 3 that tlic 
endoneurial nuclei increase much less than the tubal nuclei, but there is still 
a peak at 25 days of degeneration There is a difference in the amounts b} 
which the endoneurial nuclei of the dilTerent nerves increase In tlic n g ni at 
25 days of degeneration the endoneurial nuclei arc 3^ times as numerous as at 
5 days, in the sural nerve twice as numerous, and in the peroneal-tih/nl 2’ Itnu s 
as numerous In each case the 25-day figure is significantly dinerciit from the 
5-day figure ^ 

Changes in numbers of blood-vessel wall nuclei 

It IS possible to count blood-vessel wall nuclei (cndotlichal and smooth 
muscle nuclei) in undegenerated nerves and so the nuclear populations in this 
section are expressed as percentages of the 0-day population of nuclei In the 
fifth column of Tables 2 and 3, however, and in Text-fig 3 the nuclear jiopula- 
tions of the blood-vessel walls have been expressed as a percentage of the 
population at 5 days, so that they can be compared directly vith the figures 


for other nuclei , 

At 25 days of degeneration the blood-vessel vail nuclei of the n g m liasc 

increased to 470 % of the undegenerated population, Die pcroncal-tibia to 
146 % and the sural to 145 % At this time the increase in t ic i oo \cssc 
wall nuclear population of the n g m is significantly diflerciit from that m the 
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sural and peroneal-tibial nerve populations, though the increase of these latter 
are not significantly different from each other The increase in blood-i essel n all 
nuclei between 0 and 25 days is statistically significant in each of the nenes 



Tubal nuclei 



Days of dcgenemion 
Endoneuria! nuclei 



1 I 1 

0 2S 50 

Days of degencTasion 


Blood-vessel wall nuclei 


Text fig 3 Slenn population of tubal nuclei, endoncunal nuclei and blood a essel ivall nuclei of 
three different ntrsts at different times of degeneration expressed as percentages of the 
respective nuclear populations in 6 day degenerated nerves • Sural nerves O peroneal 
tibial nerves Qngm 

Synthesis of differential counts 

The changes of populations of the different kinds of nuclei of the n g m and 
sural nerve are brought together in Table 4, which gives the composition bj 
cell tj'pe of a representative sample of 100 nuclei in 5-daj degenerated nerv^es, 
and show s the number of nuclei w Inch such a sample produces bj multiplication 
as degeneration proceeds 

Table 1 Changes tvhich occur in the tubal, endoneurial and blood-i essel wall 
nuclear populations in a region of nerve which at 5 days of degeneration 
contains 100 nuclei 




Dxj s of 

Total 

Tubal 

Endo 

neiinnl 

tcni. ration 

nuclei 

nuclei 

nuclei 

5 

100 

45 

41 

10 

SGO 

274 

77 

2n 

920 

755 

13S 

50 

677 

650 

107 


Sural 




Blood 

vessel 

■wall 

Total 

Tubal 

Endo 

neunal 

Blood 

vessel 

wall 

nuclei 

nuclei 

nuclei 

nuclei 

nuclei 

14 

100 

57 

30 

7 

15 

227 

162 

57 

S 

27 

340 

24S 

S3 

9 

20 

200 

146 

52 

S 



144 


Gr A Thomas 


DISCUSSION 

It now seems that the general pattern of change in nuclear population found 
y Abercrombie & Johnson (1946) is by no means peculiar to the jicioncal and 
tibial nerves but that other myelinated nerves of very different fibre sire 
namely, the nervus gastrocnemii medialis (ngm ) and sural ner\c, shov tins 
rise and fall of nuclear population with approvimately the same tune iclalions 
Although the nerves studied are similar in the general pattern of their 
multiplication, the amounts of increase are very different, and Abercrombie ^ 
Johnson’s suggestion that the extent of the population increase in anj ncnc 
will depend at least in part on its fibre spectrum is amifiy borne out bj these 
figures for a variety of nerves The present work, together ivith that of Joseph 
(1948), indicates a very close correlation between the extent of the increase in 
size of the nuclijar population of a nerve during Wallerian degeneration and 
the characteristic of the fibre spectrum which we use here, the aveiagc cioss- 
sectional area of a myelinated fibre of the nerve The larger tlie a^’erngc ftlirc 
area, the greater is the increase m nuclear population relative to the iiiilnd 
population, the two variables being roughly linearly related 
The cardinal problem which initiated the present studies of nuclear pojiuhi- 
tion is the causation of mitosis Abercrombie Jolmson (1040) postulated 
a diffusing activator of mitosis produced by autolysis of ncive fibres The 
results recorded here give no conclusive evidence for or against this hypothesis, 
though the fact that, m different kinds of nerve, the greater the nuclear mulf i- 
plication is in the tubes the greater it is in the endoneurium is at least consistent 
with the view that both tubal and endoncunal cells arc responding to the same 
activator What the present work does demonstrate is a fundamental relation 
between nuclear multiplication and a quantitative characteristic of degenerating 
nerve fibie material The discovery of this relationship clearly opens the nay to 
further investigation of the mechanisms of mitotic stimulation involved 


SUMMARY 

1 The changes in nuclear populations during Wallerian degeneration for 
different periods of two rabbit nerves of differing average fibre size, the ntrv us 
gastrocnemii mediahs (ngm) (large fibres) and the sural ncn'c (small fibres) 

are recorded 

2 The total nuclear populations of the nerves show changes similar to those 
established by Abercrombie cS. Johnson (1946) for the peroneal and tibial 
nerves, the growth curve showing a rise to a maximum population, followed 
by a fall which does not, however, reduce the population to that of iindcgtne- 

rated nerve degeneration the nuclear population of the n g m had 

increate^o 19 tLes its%alue in the undegenerated nerve, w ide the sura 
nerve had only increased to 5 times its value in the undegenerated nen c I > 
100 days of degeneration the nuclear population of the n g m had fal cn 
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11 times the population in the imdegenerated nerve In the same time the 
population of the sural nerve had fallen to 21 times the population in the 
undegenerated nerve 

4 The mavimum amounts of nuclear multiplication in the different nen'es, 
including also the peroneal and tibial nerves (Abercrombie (L Johnson, 1946) 
and the anterior mesenteric nerve (Joseph, 1947), have been correlated vith 
the average cross-sectional area of a nerve fibre of these nerves There exists 
a roughly linear relation between the two variables 

5 The nuclei of the nerves have been analysed into those of the Sehv ann 
tubes, of the endoneurium and of the blood-vessel v alls Each category show s 
a rise followed by a slight fall m population The extent of the rise is related to 
the average fibre size The nuclei inside the Schwann tubes have, by 25 days of 
degeneration, increased to 17 times their population at 5 days in the n g m and 
to 4^ times in the sural nerve Those of the endoneurium have increased to 
3^ times their population at 5 days in the n g m and to 2^ times m the sural 
nerve Those of the blood-vessel walls have increased to twice the population 
at 5 days m the n g m and to 1 2 times in the sural nerve 

I should like to thank Mr M Abercrombie for supervising tbe conduct of this 
work, and Profs G R de Beer and J Z Young for criticizing the manuscript 
The work was done while holding a studentship from the Medical Research 
Council 
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EXPLANATION OF PLATE 1 

Preparations of rabbit nerves fixed in Susa, stamed in Heidenhain s haematoxjlin and light 
green, sectioned transv ersely at 7p T n tubal nucleus E n endoneunal nucleus Magnification 
x640 

Fig 1 Undegenerated nen us gastrocnemii medialis 

Fig 2 Penpheral stump of nervnis gastrocnemii mcdialis degenerated for 100 dav s 
Fig 3 Undegencrated sural ner\ e 

Fig 4 Penpheral ptump of sural nerve degenerated for 100 dajs 
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CHANGES IN NUCLEAR POPULATION FOLLOWING 
TWENTY-ONE DAYS’ DEGENERATION IN A TOE 
CONSISTING OF SMALL MYELINATED FIBRES 

By J JOSEPH, Depaitmeni of Anatomy, Umvo^iiy College, Loudon 


INTRODUCTION 

There is a remarkable difference between the eightfold increase in nuclear 
population at the end of 25 days’ degeneration in a typical somatic nerve ns 
slwvn by Abercrombie & Johnson (1946), and the absence of cell miiltiplieatioii 
after a similar period in a non-myelmated nerve as shown by Joseph (1917) It 
was thought that an investigation into nuclear changes winch occur following 
degeneration in a nerve consisting of small fibres might help to elucidate the 
causes of this difference and also shed some light on the nature of the stimulus 
or stimuli which cause cell multiplication This paper deals with a study of the 
nuclear changes in a nerve consisting almost entirely of fibres less than 0/i m 
diameter Thomas (1948), m an independent investigation, has studied the 
changes m nerves consisting of fibres of larger size 


MATERIAL AND METHOD 

The nerve chosen was the greater splanchnic nerve of the rabbit Simpson 
Young (1945) showed that only 4 % of the fibres of this nerve arc larger than 
6/4 m diameter The left nerve was cut with fine sharp scissors just where it 
emerges below the diaphragm, as it lies beside the abdominal aorta Tlic intact 
right nerve was used for comparison An attempt was made to carry out 
a Similar operation on the right side, but this was found to be impossible owing 
to the difficulty of avoiding a fatal pneumothorax In addition, the liver lore 
very readily in attempting to expose the site of operation and caused ver}' 
troublesome bleeding Since, therefore, all the interruptions were made on the 
left splanchnic nerve it was necessary to investigate any possible different 
between the right and left nerves in normal rabbits In eight cxpcrimcnial 
rabbits 21 days after operation, both right and left nerves were rcinm cd, and 
each nerve was divided into a proximal and distal piece Similarly, in 7 normal 
rabbits four specimens were obtained, two from each side Each specimen was 

1-2 cm long They were fixed m Bodian’s fiuid containing 15 ml formaldehyde, 
5 ml acetic acid and 80 ml of 80 % methyl alcohol Transverse sections at 5/4 
of each end of all four specimens Avere cut and two slides of cacii w ere prepared 
One slide Avas stained for axons by Bodian’s method, and one w ith haematoxj hn 
and eosm The absence of normal axons in the sections of the Bodian-stamed 
slide confirmed that the nerve had been completely interrupted Photographs at 
a Magnification of x 350 of sections stained as ith haematoxylin and cosin rom 
tAVo different levels from each side of each rabbit w ere used for counting nuclei 
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RESULTS 

Table 1 sho^vs the number of nuclei at tno levels in the right and left nerves 
of 7 normal rabbits Frequently, the greater splanchnic nerve in the rabbit 
consists of more than one nerve bundle (PI 1, fig 1) Wiere this occurred, the 
nuclei in all the bundles were counted and added together The nuclei of all 
cells within the petineutium were counted The \ anabiUtj which is obvious in 
these nuclear counts may be due to dilTercnces between rabbits, between the 
different sides of the same rabbit, betw een the different levels of the same nen e, 
or may be due to these factors acting together It is important that one should 
be-^able to isolate the variability due to these different factors and reach 
a decision as to the relative significance of each The method for reaching 
this decision is the analysis of variance discussed by Fisher (1946) The Table 
resulting from this analysis is given in an Appendix (Table 3), and shows that 

Table 1 


Number of nuclei per 
transverse section at 5;i 


Senal number 
of rabbit 

Level 

^ 

t 

Right (normal) 

Left (normal) 

184 

Proximal 

295 

452 


Distal 

430 

640 

337 

Proximal 

279 

249 


Distal 

266 

337 

338 

Proximal 

421 

458 


Distal 

508 

370 

348 

Proximal 

271 

260 


Distal 

325 

303 

350 

Proximal 

324 

308 


Distal 

318 

366 

380 

Proximal 

304 

258 


Distal 

272 

266 

422 

Proximal 

335 

267 


Distal 

357 

213 


variations due to differences between the two sides and different levels are not 
significant at the 5 % level On the other hand, the v^ariation betw een indivudual 
rabbits is clearly significant, as might be expected 

Tabic 2 shows the number of nuclei at two levels in the right and left nerves 
in 8 rabbits, in which the left nerve v\as cut and allowed to degenerate for 
21 days (PI 1, fig 2) The two lev'cls at which the nuclear counts were made 
v\crc 5 mm or more from the site of the cut 

^ The greater splanchnic nerv'c consists largely of preganglionic fibres In 
many of the nerves ganglion cells occur somewhere along their course Where 
they occur distal to the cut the axons of these cells do not degenerate This 
results in some uninterrupted fibres being sometimes found in the distal part 
of the cut nerve There arc never more than a few of these fibres and their 
presence cannot influence the results 

Abercrombie (1946) showed that the length of nucleus has to be considered 
in comparing the number of nuclei in the transverse sections of two specimens 
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Consequently two normal nerves were cut in longitudinal section at 7u and 
stained with haematoxylin and eosm Photographs of suitable sections vero 
taken at a magnification of x 500 and the length of 300 nuclei in each iicrN o 
was measured The mean length was 12 60p in one and 12 02p m the otiicr 
Two degenerated specimens were treated in tiie same way The mean nuclear 
length was 12 71p in one and 13 Olp m the other The difrcrence in' nuclear 
length between the normal and degenerated nerves is so small that it can be 
ignored 

The nuclear counts in Table 2 were subjected to an analysis of variance in 
the same way as were the counts m the normal rabbits The Table resulting 
from the analysis is given m an appendix (Table 4) and shous that, as before, 
there is no significant variation at different levels The vaiiation betneen 


Table 2 


Serial number 
of rabbit 

Level 

128 

Proximal 

Distal 

129 

Proximal 
Distal ' 

174 

Proximal 

Distal 

176 

Proximal 

Distal 

176 

Proximal 

Distal 

351 

Proximal 
Distal _ 

383 

Proximal 

Distal 

384 

Proximal 

Distal 


Number of nuclei per 
trans\ erso section nt 5/i 


Eight (normal) 

Left (after 

21 dajs’ 
degeneration) 

369 

647 

435 ' 

627 

305 

351 

265 

451 

320 

361 

417 

334 

312 

600 

307 

600 

234 

362 

244 

295 

444 

447 

413 

018 

430 

605 

493 

580 

242 

321 

272 

325 


rabbits is still significant, as one might expect In estimating tiie variation 
between the sides the effect caused by differences between rabbits is taken out, 
and m the experimental animals, unlike the normal animals, the remaining 
variation between the sides is highly significant Consequently, it can be 
concluded that there takes place a definite increase in nuclei after 21 days 
degeneration m the greater splanchnic nerve of the rabbit 

In order to obtain some estimation of the extent of this increase tlic mean 
percentage difference m the number of nuclei between the right nerve and the 
left nerve of the 8 experimental rabbits was calculated and found to be . /„ 

It was thought that some attempt should bo made to determine uhal 1),.. s 
of nuclei hod increased in number It is assumed that the ^ " " 

bundle of a myelinated nerve consisting of small fibres is similar to that of an 
Icr mychnaL nerve Thus the nuclei seeu m ‘^0 transve™ sec tion o^ c 
greater splanchnic nerve can belong to Sehvann cells, eonnectne tissue cells. 
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macrophages or cells associated ith blood vessels, endothelial and smooth 
muscle cells Of these cells only the Sehvann cell is inside the neurilemma 
Careful examination of the nuclei in the preparations used for counting failed 
to shon nhich cells had increased m number There is usually an obvious 
increase in the number of blood vessels which results in an increase of blood 
vessel nuclei from about 5 to 25, but could not account for an increase of 34 % 
in the total nuclei The increase is therefore due, to a large extent, to an increase 
m Schwann cells, fibroblasts or macrophages, or all of these 

Abercrombie & Johnson (1946), when studying the nuclei in the sciatie nerve 
of the rabbit after 25 days’ regeneration, divided them into two groups, 
intratubal and extratubal, and showed that the former multiplied thirteen 
times and the latter four times Such a classification in a nenm consisting of 
small myelinated fibres is impossible since after 21 days’ degeneration it is too 
diffieult to determine whether a nucleus is inside or outside the nerve fibre tube 
Moreover, since macrophages enter the neurilemmal tubes, especially the large 
ones, a classification of this kind does not indicate precisely the increase m each 
tj"pe of cell 

In specimens of the greater splanchnic nerve follow mg 6-12 davs’ degenera- 
tion, it IS possible to distinguish tw o types of nuclei, apart from the blood-s essel 
nuclei, and further study of these ners^es may indicate more clearly the changes 
in number of each type of nucleus 

DISCUSSION 

Although Langlej (1909), Langley L Orbeli (1911), Ranson & Billingsley (1918), 
and others, studied degeneration in preganglionic neri es of the sympathetic 
nervous system, nerves similar to the greater splanchmc nen e of the rabbit in 
fibre size, thej made no special observations about the changes in nuclear 
population in these nerves The figures of Table 2 show that there is a striking 
difference between the increase in nuclei during degeneration in a nerve con- 
sisting of small myelinated fibres and one consisting of large fibres The increase 
in nuclei in the latter type of nerve is due almost entirely to an increase in 
macrophages and Schwann cells Observations regarding macrophages in 
relation to degenerating small myelinated fibres w ere made by Weddell Glees 
(1941), who showed that there were no cells containing particles m the region 
of these small fibres follow mg vital dye injections 

When describing degeneration m small myelinated fibres, Nageotte (1932) 
suggested that the axon and myelin autoljse and 'simph disappear' He 
stated that t he Schw aim cell has the pow cr of phagocj tosis in these non es If, 
how cv er, the space w ithin the neurilemma is large enough to recen e immigrant 
cells, then macrophages enter the sheath and phagoev tose the debris w ithin it, 
and in these circumstances the Schwann cells multiplj and line the neurilemmal 
sheath but do not act as phagocytes Cajal (1928) maintained more defimteh 
that the phagocytes arc domed from outside the neurilemmal sheath of the 
iicrv c fibre, and that the Schw aim cells, although thev mav hav c some elTcct on 
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Jhe SXtf nT/ myelin and axon, do not participate m the removal of 
the products of degeneration That there is an increase of only ,n the 

nuclei of the greater spknchnic nerve after 21 days’ degeneration siiggl ts lliat 
only a small number of macrophages is required to deal with the degenerated 
myelin and axon and also that there is practically no increase in Seim aim cells 

The size of the neurilemmal tube is therefore evidently a factor in dctcrminiim 
the increase in the Schwann cells Cajal (1928) pointed out that the miiltiphca''- 
tion of Schwann cells, which begins about the fourth day of degeneration and 
ends in the third week, is closely related to the shrinking away of the myelin 
sheath from the Schwann cells This shrinking results in increased space v ithm 
the nerve fibre so that the Schwann cell can enlarge and divide Thus there is 
probably a relationship between the size of the nerve fibre and the muUijihca- 
tion of Schwann cells, the smaller the nerve fibre the smaller the increase The 
different results obtained following degeneration in nerves of different si/cs 
support this 

In order to explain the multiplication of tlic Schwann cells in the peripheral 
stump of a degenerated nerve some writers have maintained that this increase 
IS connected with preparation of the peripheral s^ump for regeneration 
(Howell & Huber, 1892, Kirk & Lewis, 1917) In the spinal cord, nhcrc 
multiplication of cells did not take place following degeneration, regeneration 
apparently did not occur (Halliburton, 1907) Regeneration, however, readily 
takes place both in non-myehnated nerve where there is practically no increase 
in nuclei after degeneration, and m the greater splanchnic nerve where there is 
an increase of the order of 34 % It is unlikely that proliferation of the Stliw aim 
cells 111 degenerating nerve fibres plays as important a role m regeneration as 
earlier writers suggest 

It can^be seen from the results of this paper, and those of Abercrombie ik 
Johnson (1946) and Thomas (1948), that there is a considerable diflcrcncc m 
the increase in nuclear population at the end of similar periods of degeneration 
in different peripheral nerves If it is assumed that the basic structure of the 
nerve fibres is the same, the main difference between them is the si/c of flic 
nerve fibres The results show that the larger the nerve fibres the greater is <he 
increase m the number of nuclei This difference is almost certainly associated 
with the greater space within the sheath following degeneration and an me rea-sed 
quantity of the products of degeneration, especially those of the mycim sheath, 

- in large fibres 

SUMMARY 

l' In the greater splanchnic nerve of the rabbit, consisting of myelinated 
fibres of which about 96 % are 6/x m diameter or smaller, the number of nuc ci 
m a transverse section 5/a thick shows no significant difference ^ 
right and left nerves and between two levels in the same nerve i 
a significant difference between the nerves of different rabbits 

2 After 21 days’ degeneration m this nerve there is a signi ' ‘ , 

the number of nuclei in a transverse seetion thick amounting to 31 /o. 
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■\\hich, it IS suggested, is due to a slight increase in all the cells, Schwann cells, 
macrophages and those of the blood vessels 

3 This is compared wuth the increase seen m nerv es consisting of myelinated 
fibres of greater size, for example, the nerve to the medial head of gastrocnemius 
w hich show s a fourteenfold increase, the sciatic nenm w hich show s an eightfold 
increase, and the sural nerve which showrs a fivefold increase, and a non- 
myelinated nen e such as the anterior mesenteric nen^e which does not appear 
to show a sigmficant increase 

4 The reasons for the increase in nuclei in Wallerian degeneration are dis- 
cussed and it IS suggested that the larger the diameter of the nerv e fibres and the 
greater the quantity of the products of degeneration, the greater is the increase 


I wish to thank Prof J Z Youngforadxice and for reading and criticizing the 
manuscript, Jlr G Hyde for technical assistance, and Mr D Sholl for advice 
on statistics 

APPENDIX 


Table 3 




Degrees 



Prob 



of 


^ anance 

abUitv 

Source of variation 

Sura of squares 

' freedom 

Mean square 

ratio 

level 

Sides (S) 

54 3214 

1 

54 3214 




Main effcota Babbits (B) 

126833 8571 

6 

21138 9761 

— 

— 

Levels (L) 

0572 8929 

1 

6572 8929 

— 

— 

SxB 

33009 4286 

6 

5501 5714 

— 

— 

Interactions S x L 

150 8928 

1 

150 8928 




LxR 

10754 8571 

6 

1792 4761 




SxP xL 

10823 8572 

6 

1803 9762 

— 

— 

Total 

188200 1071 

27 




Since none of the interactions is significant one maj pool and then we 

have 


Sides 

54 3214 

1 

54 3214 

0 019 

NS 

JIam effects Rabbits 

126833 8571 

6 

21138 9761 

7 337 

<0 001 

Levels 

6572 8929 

1 

6572 8929 

2 281 

NS 

Residual 

54739 0357 

19 

2881 0018 

— 

— 

Total 

188200 1071 

27 





Source of 


Table 4 
Degrees 
of 


Variance 

Prob 

ability 

vanation 

Sum of squares 

freedom 

Mean square 

ratio 

level 

Main effects 

Sides (S) 

111864 5 

1 

1118645 





Rabbits (R) 

286296 0 

7 

40S99 4 

. 



Levels (L) 

6498 0 

1 

6493 0 

— 

- 


SxR 

45631 0 

7 

6518 7 




Interactions 

SxL 

338 0 

1 

333 0 

__ 

_ 


LxR 

8884 5 

7 

1269 2 


■ 


SxRxL 27589 5 7 39414 — 

Total 487101 5 31 

Since the interactions arc non significant thev raaj be pooled 


Mam effects 

Sides 

111864 5 

1 

111864 5 

29 85 

<0 001 

Rabbits 

286296 0 

7 

40S99 4 

10 91 

<0 001 


Levels 

6498 0 

1 

6498 0 

1 73 

NS 


Residual 

Total 

82443 
487101 5 

22 

31 

3747 4 



n 


Ajiatomj 82 
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EXPLANATION OF PLATE 

Fig 1 Transverseseotionofnennalgreatersplanchnio nerve of rabbit Sections 5^ thick Stained 

haematoxyhn and eosm (Rabbit 129 ) 

Fig 2 Transverse section of greater splanchnic nerve of rabbit distal to cut made -1 days pro 
viously Sections 6p thick Stained haematoxyhn and eosm (Rabbit 175) 
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THE CONNEXIONS OF THE SPINAL SUB-ARACHNOID 
SPACE mXH THE LYMPHATIC SYSTEM 

By J B BRIERLEY and E J FIELD 
Department of Anatomy, University of Bristol 

The first clear evidence of a connexion between the cranial sub-arachnoid space 
and the cenncal lymphatic system was pronded by Schwalbe (1869), and the 
existence of such a connexion is now generally accepted although detailed 
knowledge of the precise pathway is still incomplete In general, it is beliexed 
that the route is from the sub-arachnoid space along the perineural spaces of 
the olfactory nerves to the tissue spaces of the nasal mucosa and thence, i la 
fine lymph vessels, to the deep cervical Ij'mph nodes 
The normal direction of flow in this sub-arachnoid-lymphatic communication 
IS moreover not yet established Thus, whilst the cervical 1> mph nodes can be 
filled from the cranial sub-arachnoid space under physiological pressures sug- 
gesting a centnfugal flow (Quincke, 1872, Weed, IDII', Ivanow, 1927, Galkin, 
1930) substances introduced into the nose may later be demonstrated in the 
sub arachnoid space (Le Gros Clark, 1929) Yoffey L Drinker (1939) discuss 
the factors involved in determining the direction of flow , but the significance 
of such factors under physiological conditions is difficult to assess 

That the spinal sub-arachnoid space has a similar connexion with the Ijrniph 
vessels and nodes of the thorax, abdomen and pelvis has been amply demon- 
strated by Speransky and his co-workers in a series of papers which have 
appeared since 1927 

, Review of Literature 

Schwalbe (1869) introduced Berlin blue under eonstant but unspecified 
pressure into the cranial sub-arachnoid space of rabbits and dogs recentlj 
killed by exsanguination As a uniform result he obtained filling of the Ij mph 
vessels and nodes of the neck and claimed that the latter w ere filled through 
vessels issuing from the jugular foramen in the base of the skull and forming 
a plexus on the anterior cervical muscles In one case lymph nodes became 
injected along the entire length of the vertebral column, and Schw albe took 
this to indicate that the spinal sub-arachnoid space had a close connexion with 
the lymphatic system 

Quincke (1872), using" only dogs, injected 1 c c of cinnabar into the spinal 
sub arachnoid space through a lammectomy opening in the upper lumbar 
region The animals survived from 2 to 4 days Quincke concluded that 

(1) A part of the cerebro-spinal fluid leaves the sub arachnoid space along 
the nerves 

(2) There is a sac of araclmoid around the issuing nersm roots in which 
cinnabar collects and is not usually carried further except in the optic ncric 

11 2 
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, J B Bneiley and E J Field 

iJdL into the cervical and sub-maMlIary Ij niph 

As a serious contribution to this problem, the much quoted injection vork of 

Key & Retzius (1875) is of little value on aecount of the high pressure used 
(60 mm of mercmy) 

The same objection applies even more forcibly to the vork of Spina (1000-1), 
for all his injections, with one exception, were carried out at pressures from 
120 to 400 mm of mercury 

Sub-arachnoid injection of a 1% solution of trypan blue vas used bj 
,Goldmann (1913), who effected this both through a parietal trephine hole in 
the skulls of dogs and a type of lumbar puncture into the spinal sub-arachnoid 
space of rabbits A small amount of cerebro-spinal fluid was first withdraw n, 
and the quantity of trypan blue injeeted varied from 1 0 to 2 5 c c Only w hen 
the latter volume was injected could staining of the deeji cervical nodes be seen 
Once again one must comment upon failure to control the pressure of injection 

Weed (1914) introduced into the sub-arachnOid space of the dog an isotonic 
mixture of potassium ferrocyanide and feme ammonium citrate, and demon- 
strated granules of Prussian blue in the cervical lymph nodes when the tissues 
Avere subsequently treated Avith formalin, acidified with Jiydrochlonc acid 
Serial sections of the nasal region showed granules in the pen-neural spaces 
of the olfactory nerves, extending into the nasal mucosa and staining it blue 
Here the granules lay beneath the epithelial eells in the meshes of loose 
connective tissue In this tissue ivere thm-ivalled granule-containing -vessels 
which Weed believed to be lymphatics. He concluded that a tissue space 
always lies between the pen-neural sheath containing cercbro-spmal fluid and 
the fine terminal vessels of the lymphatic system 

Certain aspects of Weed’s work deserve special attention 

(а) He was careful to employ pressures ‘only slightly in excess of plijsio- 
logical ’ (Details not given ) 

(б) The site of introduction of the solution was always m the lower thoracic 
or upper lumbar region This focused attention exclusively on the cranial 
section of the sqb-arachnoid space and made it impossible to in-v’-estigatc any 
outflow into lymphatics from the lumbar part of the sub-arachnoid space If 

just this region which Ivanow (1927) believed to possess a particularly rich 


IS 


lymphatic connexion - , i i , 

(c) The Weed double salt mixture has been criticized by Spirov (quoted 1)> 

Ivanow, 1927), ivho repeated Weed’s technique on living dogs and dead human 
embryos He observed that the salts impregnated the cranial bones the bones 
and ligaments of the vertebral column and the cellular tissues .around the blood 
vessels and nerves of the neck This led Spirov to cone ude that this 
mixture could diffuse very rapidly through tissues and was no true indicator 

ot .njocfons ot suspcns.on. of cr„on 
spmal sub-a/achno.d space, but a.u ajs ‘ ne gcanulcs could 
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Connexions of the spinal suh-arachnoid space 

be found on microscopic study m the cer\ leal Ijunph glands and their channels ’ 
(1914, p 80) This conflicts with the results of many subsequent others and 
the disparity is probably due to the difierences in the size of the particles used 

Woollard (1924) found trypan blue m the cervical lymph nodes of cats 
following its introduction into the cistema magna, but dismissed this finding 
as being secondary to leakage from the puncture site 

Speransky and his co-workers began their investigation of the sub-arachnoid 
outflow in 1927, when Spirov repeated the work of M eed as already described 
As a result of Spirov’s findings, Ivanow (1927) emploj^ed India ink as the 
indicator substance The introduction of the ink into the sub-arachnoid space 
via the lumbar route was commenced in the living dog and continued after its 
death for from 1 to 3 days This led to a filling of the deep cemcal, posterior 
abdominal and posterior thoracic lymph nodes, although the actual outflow 
channels were not evident An evactlj similar picture was obtained in the 
living animal after the introduction of 5 0 c c of ink suspension bj the lumbar 
route 

A more detailed account of these channels was given by Ivanow iSL, Romo- 
danowsky (1928), who worked on the corpses of dogs and on hv mg animals, the 
India ink being introduced by cisternal puncture or by laminectomy in the 
lumbo sacral region These workers concluded that 

(a) After cisternal injection, India ink vias seldom seen to move farther 
caudally than the mid-thoracic region 

(b) Pen-neural spread in the spinal nerves only occurred as far as the 
intervertebral ganglia This was true for the fifth and sev enth cranial nerv'es 
also Only m the olfactory, optic and acoustic nerv es did ink spread throughout 
the v\ hole extent of the nerve 

(c) Ink w as seen to pass into ‘ segmental ’ lymph vessels w Inch arose from the 
surface of the dura at points w here digitations of the ligamenta denticulata w ere 
attached 

(d) These lymph vessels filled only sharply demarcated portions of the deep 
lymph nodes 

Moreover, m all the above experiments it was the nodes at the bifurcation of 
the aorta which shovsed maximal filling, commencing soon after the cemcal 
filling After small injections and brief periods of surviv'al, it was these two 
groups, the ccrv'ical and aortic, which alone contained ink 

Galkin (1930), again using India ink, extended Ivanow ’s results by investi- 
gating the relativ'e outflow s from v^anous isolated segments of the sub-arachiioid 
space under a perfusion pressure of 30 cm of w ater Cerv ical and lumbo sacral 
outflows vsere found to be considerably m excess of that obtaining in the 
thoracic region 

Confirmation of a connexion between the sub-arachnoid space and the. 
Ivmphatic system at all spinal levels was obtained bv Oschkaderow (1930), 
who used India ink, Gerota mixture and thorium dioxide as injection masses 
He also demonstrated hmph vessels passing from the arichnoid through the 
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atlanto-occyital membrane to lymph nodes below and behind tlie ear, and 
thence to the deep cervical lymph nodes 

Since 1936 work has been concerned e\clusively witli the oiitnon from the 
cranial sub-arachnoid space and its relation to the nasal mucosa and the 
cervical lymph nodes Such literature falls outside the scope of the ]>icsent 
review as far as regional distribution is concerned, although it mn^ possiblj 
throw light on the mechanism of the outflow presently to be considered 


Ca7mderaUons of techmqiie 

(1) The natwe of the indtcato? substance 

This must be non-imtant and non-to\ic Estimation of the particle swc is 
essential ^nd in the India ink employed in the present vork the particle swcs 
range from 0 4 to 1 5/z The majority (more than 90 %) are under 0 5/t The 
form of the smaller particles is roughly spherical, while the larger ones me 
aggregates of more than one particle 

(2) Site of mtioduction of the mdicatoi substance 

The indicator substance must have access to the whole of the sub-arachnoid 
space Moreover, there should be as little leakage of ink as possible from the 
introduction site With these two provisos in view, the lumbar introduction as 
practised by Weed and the sub-occipital method of Woollard (1924) \\eTC 
rejected Instead ink was introduced directly jnto the ventricular system or 
into the cranial sub-arachnoid space through a small burr hole vhich could be 
effectively plugged with bone wax 

(3) Control of injection pi esswe 

The ink suspension was allowed to run m at a pressure not exceeding 120 mm 
of ink, and was only introduced after withdrawing an equal or rathei greater 
volume of cerebrospinal fluid 

(4) Quantity of ink injected 

By making repeated injections, as much as 4 5 c c of ink could be introduced 
' into one animal 


MATERIAL AND METHODS 
Animals 

Adult rabbits of weights from 1 5 to 3 0 kg vere used 

. Anaesthesia 

This would appear to influence materially the result of the experiment 
Thus in the earlier experiments of this senes when urethane was emp b>cd 
«nd the animals did not recover consciousness, it w as found that ^ cry it c m 
left the sub-arachnoid space Later, with the use of sodium nembutal (2 > /, 
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increased It would seem important then, that the animal should return to full 
activity as soon as possible after the operation, presumably in order that 
a normal level of cerebrospinal fluid pressure may be restored 

Preparation of the India ink 

It IS important to use good-quality India or Chinese ink in stick form The 
stick of ink -was rubbed down in double strength Ringer solution until a con- 
centrated suspension vas produced, then filtered through a no 5 IITiatman 
paper and sterilized immediately before use 

Technique 

Approach to the lateral ventricle in the first five ammals of the series vas 
made by removing a temporal bone flap The underl 3 Tng ventricle n as then 
approached through the area of brain thus exposed This technique was 
abandoned because it was felt that the presence of a decompression caused by 
the removal of a bone flap might prevent the return of cerebrospinal pressure 
to normal and also because complete control of leakage of ink was found to be 
unattainable 

In later experiments a vertical incision was made half-vay between the 
posterior border of the supraorbital ndge and the nuchal ridge of the occiput, 
and the temporalis muscle divided m the line of the incision after separating it 
from the bone with an eye spud The bone was drilled with a dental driU of 
about 1 mm diameter, directed backwards at 20° to the coronal plane and 
downwards at 20-25° to the horizontal plane To puncture the dura, to fuse 
effectu ely dura and arachnoid and to prevent bleeding from the dural i essels, 
a blunted needle at dull red heat was passed down the drill hole and just 
through the dura A fresh sterile drill was placed in the hole to serve as a guide 
for the needle The latter — a children’s type lumbar puncture needle — w as then 
swung into place over the hole and slowly introduced until clear cerebrospinal 
fluid could be obtained on slight suction A 2 0 c c syringe containing that 
amount of ink was then attached to the needle and supported m a clamp The 
ink ran in briskly at first but slow ed up as the volume entering approached that 
of the cerebrospinal fluid withdrawn The introduction usually took about 
5 min This method was particularly suitable for repeated injections as the 
same hole could be entered two or three times before changing to the other 
side As the needle was withdrawn the burr hole was filled with bone wax 
The animals were usually killed by exsangumation through the thoracic aorta 
under paraldehyde anaesthesia 

Subsequent examination showed that in many ammals the needle had passed 
through the whole thickness of the occipital lobe and had entered tlie sub 
anchnoid space on the dorsum of the brain stem In these cases the amount 
of cerebrospinal fluid wnthdrawn was in excess of that which was normallj 
obtained from true v entncular punctures In so far as the pressure of introduc- 
tion of the ink did not exceed 120 mm of ink, and that the possibiht\ of 
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s iignuu vvniibt me position ol the ape\ is constant in all 



Pig 1 Ink cuff of upper sacral nerve a, dura mater, b, pedicle of \ertebrn, c, spinal nerve, 
d, dorsal root ganglion, e, ink cuff,/, fine black lines ansing from ink cuff 

cases, the exact position of the base is dependent upon the amount of arcii- 
mulated ink — which in turn depends upon the amount introduced From the 
base, thin black lines pass on to the cord apparently due to the presence of ink 
between diverging fibre bundles In this way a-fan-hke elTcct is produced 
which may bear a superficial resemblance to a lymphatic netuork (Fig 1) 
Along the anterior nerve roots the accumulation of ink is less intense Its 
distal limit is less defined, but is as a rule some 2-3 mm farther out along the 
nerve than is the rule in the dorsal nerve root 

Observation under the low-power binocular dissecting microscope shoved 
a leash of fine black lines (’ lymph vessels) passing from the region of the nen-c 
root culs-de-sac ventrally towards the paravertebral lymph nodes Tins aii 
pearance was again only veil developed in the lumbo-sacral region 

In those animals that had received larger quantities of ink (2-1. c c ) it vas 
possible to see a few slender black lines passing from the \ entral surface of the 
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dural tube to either side of the posterior longitudinal ligament at the point 
where it spans the large foramen in the posterior surface of the % ertebral bod} 
On the posterior abdominal w all, definite fine lymphatic \ essels could be traced 
backwards from tbe ink-filled nodes to the mid-pomt of the \ertebral bodies 
between the two psoas muscle masses It seems evident that these vessels 
collect ink both from the ink-cuff and the i entral surface of the dural tube 
In certain animals it was noticed that the epidural fat was stained gre}, 
particularly in the sacral region Histological examination of the fresh material 
re\ ealed India ink particles lying, not in vessels but free in the meshes of the fat 
The presence of ink in one or more of the cervical, posterior thoracic, posterior 
abdominal and pelvic lymph nodes was a constant finding in all animals of the 
senes The accompanying table indicates the distribution and intensitj of the 
ink in the vanous lymph nodes, the animals being arranged in order of their 
survnal times M ith adequate filling it can be seen that ink accumulates most 
markedly in the nodes of the neck, those around the bifurcation of the aorta 
and in the nodes of the hollow of the sacrum 

The deep cervical nodes are the first to fill and are follow ed b} a pair of nodes 
in front of the upper part of the sacrum Ink is visible in the superficial cervical 
lymph nodes at approximate!} the same time as in those of the aortic bifurca- 
tion The typical picture of the w idely separated ink-containing nodes of the 
cervical and aortic regions is now complete After an inteiwal of 30-36 hr 
certain small nodes of the posterior body wall begin to exhibit ink The first of 
these lies in front of the bodies of the lumbar vertebrae in the gToo\ e between 
the two psoas muscles These nodes are always incompletely filled, such filling 
commencing in the posterior part of the node and being due to the arrn al of 
ink particles along fine vessels which can be traced backwards to the mid-point 
of the body of each lumbar vertebra Such \ essels are strictly segmental, 
whereas the small nodes just described do not alwa}s qualify for this descnp- 
tion as their number may not correspond to that of the related sertebrae 
Nevertheless, ‘segmental node’ has been used as a term of consenience in this 
work 

In the thoracic region the first nodes to contain ink are those grouped together 
in the posterior mediastinum The last nodes of the bod} w all to exhibit ink are 
two or three lying on the bodies of the thoracic vertebrae between the bifurca- 
tion of the trachea and the crura of the diapliragm 

Beyond the segmental vessels alread} mentioned, it was not possible to 
identif} an} other vessels that might be come} mg ink particles from the 
sub arachnoid space to the lymph nodes As it w as, segmental \ essels ne^ er 
showed more than a moderate gre} ness e\en in those animals that rccened 
the largest quantities of ink 

Histological examination of a hunph node in an earh stage of filling show ed 
much of the ink lying in the peripheral hmph sinus At first it appears to be 
largch free, but later the number of macrophages containing ink granules 
increases 



Table 1 Analysis of experimental lesulis 
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DISCUSSION 

The choice of India ink as the indicator substance in this nork -nas made after 
careful consideration of the arguments levelled against it Thus Weed believed 
that the channels used by the body for the removal of particulate material from 
the sub-arachnoid space might differ from those normally used for the absorp- 
tion of the cerebrospinal fluid itself m so far as the former might involve 
a process of phagocytosis Weed quoted his ovn e\permental results in support 
of this argument, shoving that sub-arachnoid introduction of a carhon suspen- 
sion (particle size not stated) never resulted in the appearance of carbon in the 
cervical lymph nodes unless excessive pressure (100 mm Hg) was used On the 
other hand, similar introduction of the ferroejanide solution alvajs alloved 
Prussian blue granules to be demonstrated in that site The present im estiga- 
tion has failed to confirm this distinction, and vith India ink of particle 
size 0 4-1 5/z, a marked and rapid filling of the cervical lymphatic system vas 
constantly obtained It follovs then that the rigid differentiation mamtamed 
bj Weed cannot be upheld and that both particulate and solute indicators may 
reach the lymphatic system 

In viev of the apparent unimportance of phagocytosis as a means of trans- 
port, It must be concluded that the particulate suspension v ill collect at points 
of outflow of cerebrospinal fluid from the sub-arachnoid space Thus marked 
aggregations of ink are always found around the olfactory bulbs and it is 
believed that the ‘ink-cuffs’ of the spinal nerves have a similar significance 
Nevertheless, it must he recognized that the various solutes of the cerebrospinal 
fluid stand closer in the matter of diffusibihtj'^ to ‘crystalloids’ than to parti- 
culate matter Thus the routes taken by Weed’s double salt mixture maj in 
some respects indicate more accurately the physiological potentialities of solute 
migration 

The normal pigment of rabbit lymph nodes may cause some confusion v ith 
India ink, particularly to the naked ej'e Microscopically, hovever, the 
distinction betveen pigment and ink is easilj made as the former appears 
as golden yellow or yellov brovn (mtra-cellular) granules, vhilst ink particles 
are jet black and are both mtra- and extra-cellular 

The employment of injection pressure not exceeding 120 mm of ink cannot 
he in any vaj regarded as unphysiological, particularly as the ink merely 
replaces a corresponding volume of cerebrospinal fluid It is to be noted, 
hovcNcr, that the pressures used by Ivanow (1927), though veil belov those 
used by preceding vorkers other than Weed, ranged from 30 to 50 cm of 
vater and it might be argued that, as such, they vere excessne and likely to 
produce a false picture through damage to tissues Ne\ ertheless, his results are 
substantially similar to those obtained in the present senes of much more 
‘physiological’ experiments 

The more striking accumulation of ink m the ‘ink-cuffs’ of the cemcal and 
lumbo sacral nen e roots is probablj related to their relatn elj larger size The 
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precise anatomy of the region is still disputed A detailed but sonicuhat 
schematic description of the nerve roots between their emergence from the 

Cestan (1904), who termed this zone the ‘nerf de conjugaison’ They nncsti- 
gated Its structure by means of Chinese ink injected into the sub-araclmoid 
space through the atlanto-occipital membrane and foimd culs-de-sae of both 
sub-dural and sub-arachnoid spaces ,This latter they found to have no con- 
nexion with the sub-epineural space of the peripheral nerve Ballooning of the 
sub-arachnoid cul-de-sac was found to be the initial result of increased 
cerebrospinal fluid pressure 

Two distinct mechanisms may be invoked to explain the high concentration 
of ink in the cul-de-sac 


(i) A partial ‘filtration’ of the cerebrospinal fluid at these points, the 
majority of the particles being retained as by a strainer or filter, whilst fluid 
itself passes on into the lymphatic system carrying with it passively a certain 
amount of ink which eventually accumulates in the regional lymph nodes 

(ii) Phagocytosis of ink particles by macrophages normally stationed in the 
neighbourhood of the culs-de-sac and subsequent migration of these cells to the 
lymph nodes Little or no fluid transudation may be involved m such a process 

The observations already recorded show that the description of the jiatlnvay 
taken by ink particles from the outer surface of the dura to the ‘segmental’ 
lymph nodes is still incomplete The important and most elusive link m the 
anatomical chain lies between the sub-araclmoid space and the extenor of the 
dural tube in the region of the ‘ink-cuff’ To explain the passage of India ink 
tlirough this ‘dura-arachnoid’ membrane, either in the region of the ‘mk-cuff’ 
or elsewhere, one or more of the folloiving mechanisms may be invoked 

(i) The dura-arachnoid might possess stomata permitting the passage of 
particles into the epidural connective tissue whence tlicy pass into fine lympli 
vessels Such stomata have often been postulated but never satisfnctonlj 
demonstrated 

(ii) The dura-arachnoid might exhibit a special permeability in resjicct of 

particles in the region of the ‘mk-cuff’ 

Either of these two mechanisms would explain the presence of free ink in tlic 


epidural fat of the lower sadral region 

(ill) Particulate matter might be taken up by phagocytic cells of the 
dura-araclmoid and actively transferred to lymphatics on the outside of the 
dura Such cells would therefore be present at the sites of maximal ink 


concentration, notably m the ‘ink-cuffs 

The relative unimportance of phagocytosis m this region is shovn by the 

h.stalog,cal e.ammat,on of the ■mk-cuff', where only a 
are seen to he w.thm macrophages Thus .t would 

cytos.a IS responsible either for the eoueeulraton of ink ,n the " 

suggested above, or for its transport to the cp.dura tissue aud b > ond lu 
to be noted, moreover, that mieroseopie examination of the Ijraph 
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indicates that in the early stages of filling most particles he free m the peripheral 
lymph sinus and only later become ingested by_ macrophages 

Quincke (1872, pp 161-162), using cinnabar, also concluded that transport 
could not be due to carnage by macrophages, as in manj experiments masses 
of fine cinnabar particles could be found at a considerable distance from the 
point of introduction 

Jlore recently much the same problem has arisen in connexion mth the 
transport of foreign particles from the ah eoli of the lungs to the regional lymph 
nodes The balance of evidence suggests that movement of such particulate 
matter is not brought about — at any rate exclusively — as a result of pre- 
liminary phagocytosis (Drinker tk Yoffey, 1941, p 87) The rapidity v, ith w hich 
transference takes place militates against the latter vien , and the same point 
may be urged with regard to our findings as to the rapidity of appearance of 
ink in the cemcal nodes after introduction into the lateral ventricle It is to 
be noted also that the size Of particles emploj'ed in the present u ork as n ell 
belov. the limit of 2fi given by Gillilan &, Conklin (1938) as capable of direct 
passage into lymphatic channels 

It appears probable then, that the cuff is an area in ivhich both fluid and 
particulate matter may leave the sub-arachnoid space through the thickness of 
the dura-arachnoid and so become epidural The local epidural fat or connectu e 
tissue becomes ink-stained, and it is in this epidural layer that blindly ending 
lymphatics arise and conduct fluid and particles to the regional lymph nodes 
This postulated pathnay is summarized m Fig 2 
The mechanism here outlined is comparable in its mam features mth Weed’s 
(1914) reconstruction of the passage of the Prussian blue solution from the 
sub arachnoid space into the nasal mucosa and ceimcal lymph sy stem 
(Fig 3) The tissue space uhich, this author maintains, alnay'S mtervenes 
between the sub epmeural space (sub-arachnoid prolongation) and the small 
blmd lymph vessels, is represented m the above spinal scheme by the epidural 
space and its contained fatty connective tissue 

Weed (1914) from the results of the ferrocyanide method observes that 
‘ there is an ob-vnous perineural deposit of precipitated granules nhich can 
be followed a short distance outward along the anterior and postitnor nerve 
roots’ (p 90), and agam, ‘From the perineural space about the spinal nervq 
roots absorption takes place along lymphatic channels ’ He concludes that this 
IS the sole pathways for fluid escape from the spinal meninges (pp 90-91) 
Unfortunately', he presents no adequate anatomical basis for this important 
statement 

The v'olume of fluid which may' leave the sub-arachnoid space by ly'mphatic 
channels probably' depends upon sev eral factors Of these, the pressure of the 
cerebrospinal fluid is probably' predominant, but this itself can be influenced in 
a number of w ay's — e g by the tv'pe of anaesthetic, the depth and duration of 
anaesthesia, v'ariations m respiration and blood pressure, and possibly the 
functional conditions of the absorbing channels 
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The present communication has thus demonstrated that under conditions as 
nearlj physiological as possible, particles not over 1 5p can pass readily from 
the sub-arachnoid space not only into the cenncal lymph nodes but into those 
lying m front of the vertebral column These latter indeed may be regarded as 
the regional lymph nodes of the spinal sub-arachnoid space 


SUMMARY 

1 The literature relating to the connexions betw een the spinal sub-arachnoid 
space and the lymphatic sj^stem is reviewed 

2 A technique for introducing India ink into the cranial sub-arachnoid space 
of the rabbit without resultant rise m intracranial tension is deseribed 

3 Following such introduction ink appears ivithm 4 hr in the nasal mucosa 
and cervical lymph nodes 

4 Ink introduced into the cranial sub-arachnoid space can be found as low as 
themid-thoraciclevelattheendof Ihr and throughout thespinal sub-arachnoid 
space m 6 hr 

5 Concentration of ink is marked around the lumbo-sacral nerve roots and 
m the terminal part of the spinal sub-arachnoid sac 

6 Lymph nodes around the aortic bifurcation and in the hollow of the 
sacrum show ink filling in 6 hr 

7 Repeated ink injection produces filling of the lymph nodes arranged 
along the front of the thoracic and lumbar vertebrae m a more or less 
‘segmental’ manner 

8 The pathway of this outflow is discussed 

The authors are indebted to Prof J M Yofiey for his continued interest and 
encouragement, to Dr C F Powell of the Physics Department who carried out 
the estimation of size of India ink particles, to Dr H Heller of the Department 
of Pharmacology for repeated advice in experimental problems and to Jlr Keith 
Hunt for the histological preparations 

A supply of sodium nembutal anaesthetic w as made available through the 
kindness of Abbot Laboratories 

This investigation was made possible by the award to one of us ( J B B ) of 
a Research Scholarship by the British Medical Association of which grateful 
acknowledgement is hereby made 


lietteriug' to Fi^s 2 and 3 

0, epiml cord o', olfactory bulb 6 sub arachnoid space c, epi dural connects o tis'iuc e nasal 
sub mucosa d, dura arachnoid (rabbit) d, arachnoid, c ink particles in subarachnoid 
cul dc sac /, ink particles m cpi dural conncctu e tissue / , ink particles in na=al sub mucosa 
g and g , fine lymph channels draining epi dural tissue and nasal sub mucosa fi Ijunph nodes 
of bod} wall I, spinal neno, i' olfactory nerve y, longitudinal collcctmg channel i, nasal 
mucous membrane, /, cnbnfonn plate, m, dura mater 



^ ^ I G Micliaelson 

The observations described were made only on retinae, or portions of retinae 

nsidered to be avascular unless found so by the use of the high pover of the 
microscope ^ ^ 


OBSERVATIONS 

Adult Cat The major retinal vessels m the cat consist of three sets of 
arteries and accompanying veins, which run from the optic disc to the pci ijilicn , 
one pair nasally, one pair upwards and temporally, and one pair dovnvards 
and temporally PI l, fig i illustrates the appearance of an injected retina 
mounted in glycerine Between the temporal pair of vessels arc several smaller 
ones running to the macula region These vessels curve round the edge of tlie 
disc and are in communication for the most part with the choroidal circulation 
rather than with the central vessels of the optic nerve (Schult/e, 1802) 
Otherwise, there is a great similarity between the retinal circulation of cat 
and man The main vessels run in the nerve fibre layer, successive divisions of 
the vessels remaining at this level until the pre-capilIaries arc reached When 
vein and artery pass each other the vein is always supeificial to the artery — 
using the terms ‘superficial’ and ‘deep’ as synonymous with ‘inner’ and 
‘outer’ as usually applied to the retinal layers This has been observed in 
170 crossings The capillaries, as in man, fall into two groups, a siijicrfuial 
capillary net lying in the layer of nerve fibres, and a deep capillary net Ij mg 
on the outer and on the inner aspects of the inner nuclear layer (PI ] , fig 2) 
The precapillary vessels arising from the small arterioles, or artenae ancrenfes, 
pass directly into the superficial capillary net and from the latter anastomol ic 
vessels pass into the deep capillary net Since many venous post-capillarios 
dram directly from the deep net, this may be considered to be more venous m 
character than the superficial net It is unusual to find a prc-capillary jiassmg 
into the deep net In this respect the capillary circulation of the cat diflcrs 
from that of man (Michaelson & Campbell, 1940) but resembles that of the rat 
(Hesse, 1880) The deep capillary net is in general more dense than ihc super- 
ficial The average area of a capillary mesh of the deep net was found to be 
about 2000 sq and about 7000 sq n m the superficial net vith, hoyc\ cr, great 
variations within both PI 1, figs 3 and 4 illustrate this dificrencc m mesh 
size Bruns (1882) found the capillary mesh diameter to \ ary from fO to 90 /i 
A striking feature of the capillary distribution is the absence, m a /oiu 
100-200 /X wide on each side of the arterioles, of capilhirics from the suiicrficial 
net A few capillaries of the deep net pass behind this zone, and these do not 
communicate with the arterioles (PI 1, fig 5) The capillaries do not .n oul the 
neighbourhood of the veins in a similar manner In the macula region there 
IS an almost completely avascular zone, having an average diameter of 300 ,i 
The peripheral margin of the retinal vascular system is formed by vide 
capillary arches joining the terminal branches of the arteries and veins 
Between these arches and the ora serrata there is an avascular zone about 


500 p wide. 
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Vascular morphogenesis in the retina of the cat 

35-day embryo The optic disc and posterior portion of the hyaloid artery are 
illustrated in PI 2, fig 6 It can be seen that no retinal vessels are present at 
this stage 

45-day embryo Several vessels can be seen proceeding from the edge of the 
disc into the retina for a distance of 0 12-0 24 mm (PI 2, fig 7) With higher 
magnifieations it can be seen that m the case of manj vessels there is a solid 
column of cells extending for a short distance beyond the end of the Indian ink 
column These probably represent the, as yet, uncanahzed portion of the 
developing vessels 

51-day embryo The vessels have progressed farther to%\ards the periphery 
(PI 2, fig 8) and have nov extended 0 36-0 72 mm from the optic disc At 
places branches can be seen connecting the straight vessels and constituting 
early i essel loops, or vessel complexes It must at this stage be only a con- 
jecture that one limb of such a loop represents the future artery and the other 
the vein, as no difference in the nails of the limbs can be detected 

56 day embryo The vessel complexes nhich are three in number ha^e 
developed m several respects (PI 2, fig 9) They have gromi farther ton ards 
the periphery, being 5 6, 4 80 and 4 56 mm respectively from the optic disc, 
and their more complicated arrangement is apparently the result of vessel 
gronth from the limbs of the original loop described in the 51-day embryo 
The limbs of the original loop can non be recognized as artery and vein in the 
light of the adult appearances and of the intermediate stages still to be 
described At an average distance of 0 6 mm from the optic disc, nhere the 
mam vessels begin to diverge from one another, a capillary system can be seen 
developing, although much of the retina remains still unvasculanzed This 
capillary system shows several striking characters 

(a) By far the greater part of the dei eloping capillary system is an out- 
gronth from the veins, and forms around them a triangular-shaped bed nith 
base directed peripherally (PI 3, figs 10, 11) 

(b) The capillary gronth from the \ein is by a process of budding These 
buds, nhich arc placed at fairly regular intemmls, have pointed groning tips 
(PI 3, fig 12) 

(c) If neighbouring artery and vein arc close to each other the capillarj 
gronth IS confined at first to the side of the \ein remote from the arterj 
1*1 3, fig 13, at a higher magnification, x40, illustrates this feature quite 
clearb As arterj'’ and vein dn erge capillarv gron th takes place from the side 
of the \ cm ton ards the arterj as n ell as from the far side If a ^ ein is situated 
midnaA betnecn tno arteries capillarj gronth occurs equallj' from each side 
of the 1 em 

(d) The cmbrvonic capillary net formed at this stage differs from the 
defmitu c net in the greater size of the lumen and the smallness of the mesh 
The net is entirelj’' in the Hjcr of ncnc fibres The large size of the lumen is 
illustrated in PI 3, fig 14, though in this particular specimen the capillaries do 
not happen to be injected 
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{e) The capillary net glows towards the neighbouring artery, but stops sliort 
ot It so that a capillary-free area is left around the artery (PI 3, fig 13) This 
zone IS traversed by occasional single vessels vhich grow from the artery and, 
judging from their position, probably represent the future arteriac afferentes 
of the system These vessels are the products of the arteries and not of tlic 
surrounding capillaries, as evidenced by the occasional protrusion from the 
arteries of vascular buds which have not yet reached the neighbouring capillar) 
bed (PI 3, fig 13) At the periphery of the vascularwed area the terminal 
venules and arterioles are linked up with each other by capillary arcades Around 
these arcades there is also a dense capillary development There is nowhere any 
evidence of capillary formation that is not a budding from prc-c\isting vessels 

\-dciy-old kitte^i The development described m the 56-day embryo has non 
progressed to that illustrated m PI 4, fig 15 The iTSsels haiT grown farther 
towards the periphery, being 5 04, 5 04 and 6 00 mm from the disc, and the 
non-vascularized areas around them are now much smaller than they nerc m 
the 56-day embryo The capillary bed round each vein retains the triangular 
shape noted in the 56-day embryo, and while the capillaiies on the penpher) 
of this triangular area retain their embryonic appearance, those nearer to the 
disc assume the character of the defirtitive reticulum with narrower lumen and 


broader mesh The capillary-free space round the arteries is more pronounced 
than in the 56-day embryo as the capillaries have groivn more completely 
towards the arteries 

8-day'Old kitten The periphery of the vascularized area is now on llic 
average 6 2 mm from the disc, and practically all of the retina is vasculari/cd 
The capillaries near to the periphery are still of the primitive type 

15-day-old kitten The periphery of the vascularized area is now on the 
average 6 7 mm from the optic disc In some places a deeper capillary netnork 
can be seen developing from the superficial net The pcn-artcrial capillary-frcc 
zone IS fairly well demarcated (PI 4, fig 10) 

22-day-old kitten The vascularization of the retina which nov evtends about 
7 20 mm from the optic disc is very similar to that of the adult stage except m 
two features (1) there are still capillaries of the primitive type m the peniiheral 
areas, and (2) the deep capillary network has not yet formed completely llic 
capillary-free zone around the arteries is well demarcated, almost better than 
in the adult cat (PI 4, fig 17) This zone may even be found around the arteriac 


afferentes (PI 4, fig 18) p 1 *. i 

The pattern of capillaiy development outlined above was found to be 

reproduced in all the embryos and m the different litters of kittens examine , 
with, however, some notable differences in the rate of development lor 
example, of three 53-day embryos two showed development similar o la 
described above for a 51-day embryo, while one was similar ^ 

embryo described, and a 28-day-old kitten belonging to a poor y noun hed 
hu7continued to show a large number of capillaries of the embryonic t)pc 


(PI 4, fig 19) 
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DISCUSSION 

The present conception of development of the i oscular system is that its 
pnmordium consists of a general capillary net preceding the formation of 
individual vessels (Krause, 1876, E%ans, 1909, Sabin, 1920, Hughes, 1934, 
1935, Hamilton, Boyd & Mossman, 1945) The endothelium of such a net is 
considered to arise from a sjmcytium of cells differentiated from the local 
mesenchyme (Finlej’-, 1922, Sabin, 1920, 1922) The mesenchjmal origin of 
vascular endothelium in the rabbit’s choroid has been described bj’’ Fuchs 
(1905) Out of the capillary net so formed, the circulation develops certain 
broader and more defined pathn ays m accordance vith haemo-djTiamic forces 
first postulated bj Thoma (1893) The course of development, according to 
these conceptions, may be summarized thus mesenchymal cell, angioblast, 
vascular endothelium, capillaiy’, and finally arter}’’ and vein This method of 
\aseular development is not present everywhere, since the heart itself is 
formed from chains of angioblasts rather than from a complicated plevus, and 
in the opinion of Federow (1910), supported later by Squier (1915), the 
pulmonarj" vein of the chick is produced at a verj earl}' stage of embryonie 
life as a proliferation of endothelium from the dorsal sinus wall which projects 
into the mesoeardium Into this proliferation the sinus cavity tunnels, thus 
producing a short vessel which is the anlage of the vein The vein ultimatel} 
branehes into capillaries which anastomose with capillary out-growths from 
the lung arteries Further, Buell (1922) found angioblasts coming directly 
from the wall of the smus venosus of the chick and failed to find clumps of 
angioblasts unconnected with the mass, and therefore originating in mesen- 
chyme 

From the description given it appears evident that the i essels of the retina 
in the cat do not develop from a sjmcytium of cells differentiated locally but 
from vessels growing from the optic nene head A sjmcytial origin would 
appear to be precluded by the absence of mesenchymal tissue m the de\ eloping 
retina The initial buds from the optic nerve head join to form loops, between 
the limbs of w hieh a reticular capillary system appears The capillaries de\ elop 
predominantly from the venous limbs of the loop, and to begin w itli from the side 
of the -1 em remote from the artery, if the arterj and vein are close to each other 
These capillaries spread progressive!} in the nerve fibre la}er from the vein 
tow ards the neighbouring arter} for a w ell-defined distance, be} ond v\hich thev 
do not go, leaving a capillar}’'-free zone around the arteries in the nervm fibre 
Ift}er This zone is trav^ersed b} arteriae afferentes, while deep to the arteries 
a few V essels from the deep capillarv net pass in the inner nuelear lav er, and 
therefore about 45 fi from the arterv The capillar} -free zone lateral to the 
arterv av erages about 150 y. in breadth 

The development of capillaries from veins, the earh growth of the capillaries 
from the side of the v em remote from the neighbouring arterv and the presence 
of a capillarv -free space around the arteries are faets which appear to be 
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closely associated with each other and to be mherent m the process of eap.llarv 
orma ion in the retina of the cat These facts suggest that ^ascular clc'selop- 
ment in the retina is not dependent on a morphological specificitj inherent in 
the vessels They rathei indicate that this development is dependent on a factor 
or factors present in the retina and capable of effecting the budding of neii 
vessels from the endothelium of veins IMoreover, theymdicate certain attributes 
to the suggested factor 

The fact that the budding in the first instance occurs almost entnely from 
one side of the vein suggests that the growth factor is not in the venous blood 
plasma, as it is difficult to conceive of a factor ivithin the plasma stimulating 
the endothelium on one side of the vessel only 

The fact that the capillary budding fiom the side of the vein neaicr to the 
artery takes place later than that fiom the side remote from the ai tciy suggests 
that the factor under consideration is present m a gradient of concentration 


such that it differs in arteiial and venous neighbourhoods This assumption 
seems to be supported also by the presence of a capillary-frcc space around the 
arteries 

The mode of spread from the veins laterally towards the ai terics and the 
maintenance of a capillary-free space suggest that the factor dctci mining the 
initiation of growth of the capillaries probably determines the distance to 
which it shall extend in a given time, initiation and cessation dejicnding on 
variation in concentration of the suggested factor 


SUMMARY AND CONCLUSIONS 


1 Vessel growth in the retina of the cat is by a process of budding from pre- 
existing vessels No evidence is found of vascular differentiation from local cells 

2 The formation of retinal capillaries is pre-eminently a function of the 
retinal veins Only the arteriae afferentes appear to originate from arteries 

3 If vein and artery are close to each other, gross th takes place predomi- 
nantly from the side of the vein remote from the neighbouring ai terj 

4 The spread of capillary grosvth tosvards an artery extends for oiilj 
a certain distance, leaving a svell-marked capillary-free space around tlic 
arteries similar to that present in other mammalian retinae such as those of 

rat, dog, pig and man , i i 

5 The anatomical facts are clearly associated ss ith each other Considcrct 

as a group they stimulate speculation regarding a factor situated in the noii- 
vascular portions of the retina ssdiich may affect budding from the veins 

6 The present study of ontogeny shosvs that the bulk of the eapillar> 
system in the retina of the cat can be considered as part of tiie s cnous sj s cm 
The arterial system is shown to be supra-capillary 


I have pleasure m aeknowledgmg my mdebleducss to Mr Jo'”' "'"‘t 
department for Ins eapert techn.eal assistance ,n the preparation and pl.oto 

graphy of the specimens 
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EXPLANATION OF PLATES 
PlATE 1 

Fig 1 Appearance of injected retina of nght eye of adult cat x 3 3 

Fig 2 Section of injected retina of adult cat showing superficial capillarv net in the nerve 
fibre lajcr and a deep capillary net Ijmg on the inner and outer aspects of the inner 
nuclear lav er x 130 

Fig 3 Injected retina of adult cat showang the superficial capillary net x 100 

Fig 4 Injected retina of adult cat showing the same area as illustrated m fig 3, but vnth the deep 
capillary net now in focus x 100 

Fig 5 Injected retina of adult cat showing the area on cither side of the artery free of capillanes 
from the superficial net Deep to the artery howei cr can be seen a few capillanes belonging 
to the deep capillan net There is no capillan free zone around the vein x 35 

Plate 2 

Fig 6 Injected retina of 35 dav embrvo There are no vessels at the di«c except the hyaloid 
arten x 3 

Fig 7 Injected retina of 45 dav embn o '^tv cral vessels can be seen proceeding from the di«c for 
a distance of 0 12-0 24 mm x 4 3 
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8 J^jected retma of 61 day embiyo The vessels have proceeded from the disc for a distance 
of 0 36-0 72 mm The early formation of loops, although clearly seen with the imcroscopo, 
are not reproduced m the photograph x 4 3 

9 Injected retma of right eye of 66 day embryo Capillary growth is taking place jire 
dommantly from veins and in many places from the side of the ^ em distal to the neighbouring 
artery x 7 


Plate 3 

10 The nasal vessel complev of the retma illustrated in fig 9 It shovs that tiio growth of 
the capdlanes takes place chiefly from veins and in places from the side of the \ cm distal to 
the neighbounng artery x 11 

11 The lower temporal vessel complev of the retma illustrated m fig 0 It shows that tlie 
growth of capillanes takes place chiefly from voms and m places from the side of the ^ tin distal 
to the neighbounng artery x 11 

12 Vein and artery m injected retma of 66 day embryo The capillary growth is from the 
vein by a process of budding x500 

13 From mjected retma of 66 day embryo (same ns fig 11) showing capillarj growth from 
vems and its confinement to the side of the vein away from the artery The capillary growth 
can be seen takmg place fairly equally from each side of a small venous branch which is 
situated nearly midway between two arterial branches Tho earlj formation of a pen arterial 
capdlary free zone can be seen, ns well as tho arterial prccapillnrics which tra\crsc this zone 
These precapdlary vessels are budding from the arteries x 40 

14 Section of retma of 66 day embryo showing tho capillary not placed entirely w itliin the 
nerve fibre layer The capillary diameter is greater than in tho fully de\ eloped e^ t This 
happens to be from a retina in which tho capillaries wore not injected x 200 

Plate 4 

16 Injected retina of 1 day old kitten x 7 

16 Injected retma of 16 day old kitten showing the pen artc'rial capillarj free zone Tho 
capillanes are concentrated around the veins and at places a deep capillary not can bo seen 

formmg x 30 , r 

17 Injected retma of 22 day old kitten showing a well formed pen arterial capillarj tree 

zone x40 , „ r 

18 Injected retma of 22 day old kitten showing the pen artenal capillarj free /one cun 

around the artenae afiferentes x40 , , ,, r.i i 

19 Injected retma from a 28 day old kitten which w os badly nourished Many of tho capil 
lanes are of the embryonic type as illustrated Note the capillarj free zone around the 

artenes x 30 
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OBSERVATIONS ON THE INITIAL STAGES OF 
OSSIFICATION IN VITRO 

By H R0D0VA,=^ From the Slrangeways Research Laboratory , 
University of Cambridge 

INTRODUCTION 

The formation of bone m tissue cultures was first recorded by Fell (1928) and 
has since been described by several workers in different tj^pes of osteogenic 
tissue in vitro (Dolschansky, 1929, Fell & Robison, 1929, 1930, Fnedheim, 
1930, Fell, 1932, Murray, 1934, Gaillard &. Querido, 1939, Glucksmann, 1938, 
1939, Miszurski, 1939) 

The first stage in ossification is characterized by the appearance of a delicate 
network of osteogenic fibres among the osteoblasts Another important 
feature is the production of alkaline phosphatase which, as Fell & Robison 
(1930) have shown by ordinary biochemical methods, occius very early in the 
differentiation of osteoid tissue The present study concerns this imtial stage 
of ossification in vitro and has been made with special reference to the 
relationship of the cells to the intercellular fibres, and to the localization of 
alkaline phosphatase as demonstrated by Gomori’s histochemical method 

MATERIAL AND METHODS 

The tissue culture techmque was based on one devised by Fell (1932) and 
modified by Glucksmann (1938) Explants were made of the frontal bone and, 
for control purposes, of the heart from 11—13 day chick embrj'os The cultures 
were growm by the hanging drop method on 1;^ in square covershps over 
3x11 in hollow ground slides About 300 cultures were used for the 
investigation 

The procedure w'as as follows A small square of bone was explanted in 
a mixture of 1 drop of cock’s plasma and 1 drop of concentrated extract of the 
embrjo from which the bone was obtained After 2-3 days’ incubation the 
culture was excised and transferred to fresh medium consisting of 2 drops of 
plasma and 1 drop of concentrated extract of an 11-13 day embrjo The tissue 
was allow ed to grow for a further 2 da 3 's after w Inch the origmal bone w as cut 
out, leaving the broad zone of outgrowth untouched in the plasma extract 
clot This ring of tissue was washed m situ with a drop of Tjuode’s solution 
which was sucked off and replaced by^ a large drop of fresh medium, com- 
posed of 2 parts plasma 1 part embr 3 o extract A large drop was used to 
pre\ ent a too great dilution of the medium by the traces of saline remaining 
on the culture, before it clotted, however, most of the mixture was pipetted 
off leav ing onl 3 a thin la 3 'er in the central hole The cultures w ere then 
* Zoological Department, Umrersity of Charles IV, Prague 
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IntotLTt to ^^anclcr 

cover.hn tf was almost entirely on the surface of the 

covershp, this rendered the living material veiy favourable for obseri ation and 

photography The cultures were studied for about 3 days after nhich they 
began to regress and were discarded 

The living tissue was examined with ordinary transmitted light, polarwed 
light and Zernicke’s phase-contrast illumination The relationsliip betuccn 
cells and fibres was investigated by taking serial photographs on cinc film of 
cultures illuminated by Zemicke’s method, the pictures vere made at intervals 
of 4 min 

For histological study the cultures weie washed m Tyrode’s solution at 
37° C to remove excess serous fluid and were then fixed either in Zenker’s 
fluid without acetic acid, or, for the demonstration of alkaline phosphatase, 
in 80% alcohol After dehydration and clearing m xylol, the cultures weic 
examined as whole mounts, for the preparations were suflicicntly thin for 
sections to be unnecessary 

It was not easy to find a suitable staining technique to demonstrate the 
osteogenic fibres in such whole mounts After various methods had been 
tried, good results were obtained by first staining the tissue vitli Ehrlich’s 
haematoxylin, then mordanting for 20-30 mm m 1% phosphotungstic acid 
and finally counterstammg for 15 min in a modification of Mallory’s aniline 
blue solution, in which the aniline blue was reduced to a quarter of tlic usual 
amount In the finished preparations the cytoplasm was violet, the nucleus 
orange and the fibres blue 

The histochemical method devised by Takamatsu (1939) and Gomori (1939) 
was used to demonstrate alkaline phosphatase By this technique sites of 
phosphatase activity are rendered grey or black After 2 hr fixation in 80% 
alcohol, the cultures were washed for about 15 min m distilled vatcr Out 
group was then incubated in Gomori’s sodium-)S-glycerophosphnle solution 
while another group, which served as a control, v\as incubated in the same 
solution without the glycerophosphate Thirty minutes’ incubation in the 
glycerophosphate solution was sufficient to give a positive reaction, but a better 
result was obtained after 2-4 hr The subsequent treatment of the cultures vas 
the same as that described by Gomori, the preparations vere not counter- 

RESULTS 

I The development of the intercelMar fibres 
For convenience of description the rmg-shaped cultures may be subdivided mio 

four zones (of Text-fig 1) zone I. consisting of the . upon mg tells mid fil.ris 

which eventually fill the central hole left by the removal of the ongina cspl. , 

zone II, a compact region immediately adjacent to zone I m 

:„d fltaes liavL concentric orientation zone HI. a -lively 

tract of tissue with no definite structural orientation, zone I\ , the j ,p 

zone of outgrowth, composed of undifferentiated amoeboid 
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Soon after the exeision of the bone, cells begin to vander into the hole and 
by the end of the first daj^ the\ usuallj occupj about one-third of the central 
space A fine fibrous netv ork rapidl}"^ appears among the cells manj of -which 
are larger, more expanded and less regular in outline than tj'pical fibroblasts 
m vitro The immigrating cells continue to spread and multiply and the inter- 
cellular fibres to increase m number and thickness, so that after 2 or 3 da\ s’ 
growth the central hole has become filled with a thin sheet of cells and fibres 



Teit fig 1 Diagram of a ring shaped osteoblast culture showing the four zones 

When zone I is view ed w ith polarized light the fibres, w Inch are birefrmgent, 
are terj distinct and are readilj distinguishable from the cell processes, 
although the processes also are birefrmgent, their orientation is seldom the 
same as that of the neighbouring fibres and they can easily be traced back to 
the cell to which thej belong There is no e\ idence of ant structural connexion 
between the cells and fibres 

With phase contrast illumination the intercellular fibres w Inch are beautifull j 
clear, appear dark grey or black (PI 1, fig 1 a, b) and serial photographs show 
that the cells mote freelj among them (cf PI 1, fig la b) The fibres also 
alter their relatit e positions, probablt in response to shifting tensions m the 
tissue, the fine ones become increasinglt distinct and at the same time more 
numerous 
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In favourable fixed preparations stained with haematoxylm and the aniline 
blue orange G solution, the fibres m zone I are clearly shonn as a blue neb 
over and between the cells with here and there longer and stouter fibres 
running in various directions The fibres are sharply differentiated from the 

protoplasm of the cells The cytoplasm of many of the osteoblasts contains 
granules which stain blue 

As stated above, the closely packed cells and fibres of zone II have a conceiiti ic 
arrangement which is probably due to the centiifugal retraction of the clot 
when the bone fragment is removed The longest and stoutest fibres dc\cloj) 
m this region {PI 1, figs 2, 3), sometimes arising from the neighbourhood of 
a small fragment of the original bone (PI 1, fig 3) They arc very distinct 
both in living cultures viewed by ordinary transmitted light or with phase- 
contrast illumination, and m fixed preparations stained with haematoxylm 
and aniline >blue The tissue is too thick, however, for study nitli polaiized 
light 

Only the stoutest fibres in zone III can be seen m the living cultures, owing 
to the thickness of the tissue m this region, but the histological sti iicliirc is 
usually clear in the fixed tissue stained with haeniatoxyhn and anilinc-bliic 
solution In such preparations fibres of all sizes and stages of devclojnntnt 
can be seen running in every direction, some of the fibies aie straight, others 
bent and their appearance often suggests that they may enlarge by the 
apposition of smaller fibrils Fibres are rare m zone IV where the cells, being 
embedded m the old culture medium, are usually very fatty aud somewhat 
degenerate 

The degree of differentiation that the cultures attain is closely correlated 
with the physiological state of the cells Thus if cultural conditions arc slightly 
unfavourable, as indicated by a slow ingrowth of cells into the central Iiolc, 
distinct intercellular fibres are not formed Under rather better tonditioiis, 
a few fibres appear m the denser paits of the culture but not m /one I Ei ui 
if the tissue IS growing vigorously, fibres do not develop if the cultures arc 
embedded m too thick a clot so that the cells aie rather fatty The differentia- 
tion described above occurs only when the cells are m a very healthy active 

II The distnbuhon of alhahne plmphatafc 

The cultures give an intense reaction for alkaline phosjihatase (PI 2, fig 4) 
in preparations made by Gomon’sbistocbemicnl method Tins technique shows 
very clearly that two types of cell are present cells resembling fibroblasts and 
differentiated osteoblasts The cells of the fibroblast type are somewhat 
similar to those of ordinary embryonic heart cultures (cf PI 2, fip /) 1 it 
highest concentration of the enzjmae is located m the nucleus, and le mic eo i 
and chromatin granules blacken after a very short incubation m the glyecro- 
phospbate solution On the other hand, the cytoplasm f 

Lght reaction Whether the eells of the fibroblast type are true fibroblasts 

‘dedifferentiated’ osteoblasts is not certain 
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The differentiated osteoblasts (PI 2, fig 5) are i erj' different in appearance 
from the fibroblast type of cell They are much larger, of polj gonal outline 
uith many processes, and the uhole cell gnes an intense phosphatase reaction 
Although the nucleus is the most strongly reacting part of the osteoblast, the 
cytoplasm also has a very high phosphatase content unlike that of fibroblasts 
During mitotic division the chromosomes in both tj'^pes of cell evince great 
phosphatase activity and the cytoplasm also darkens, though a nearly colour- 
less region is sometimes obsers'cd around the chromosomes (PI 2, fig 6), 
there may be a blackening of the centrosomes In both vegetativ e and mitotic 
cells the cell membrane is very distinct ith Gomori’s method 
The fine intercellular fibres also blacken with Gomori’s method and maj be 
seen running over and betvseen the cells, the larger fibres, hovever, giv^e no 
reaction Clumps of osteoblasts without fibres arc sometimes encountered, 
but not fibres in the absence of cells 

Zones II and III sometimes give a v^erj intense reaction (PI 2, fig 4), but 
the tissue is too dense for detailed study 

DISCUSSION 

This study of the initial stages of bone-formation in vitro supports the view that 
the fibres are entirely extracellular and have no structural connexion w ith the 
osteoblasts This is mdicated by the following observations (1) the cells can 
move freely among the newly formed fibres, (2) the fibres in the living tissue 
appear quite distmct from the cytoplasm v\hen viewed with polarized light, 
(3) in suitably stained preparations the cells and fibres are sharply differentiated 
by their contrasting coloration In some of Glucksmann’s endosteal cultures 
a netw ork of fibres proj ectmg far bejmnd the zon e of immigrating cells dev eloped 
in the central hole, this was not seen in my preparations, probably owing to 
the fact that a different type of bone explant w as used for the tw o iin estigations 
Although the osteogenic fibres appear to be entirelj' extracellular, the results 
of these experiments emphasize the fact that there is an intimate correlation 
between the physiological state of the osteoblasts and their ability to form 
fibres As described above, if the cultures are growing weaklj or if, though 
grow mg activ'ely, they arc too deeply embedded in the clot and are somew hat 
fatty, few if any fibres dev^elop in the tissue The elTect of nutritional and other 
environmental factors on fibrc-dev'clopmcnt w ill be inv estigated further 
Exactly how the osteogenic fibres arc formed is not ^et known Direct 
observations on fibre-formation in living coimective tissue in viio have been 
made by Steams (1940) using the rabbit car chamber technique Her results 
indicate that the intercellular fibres arise extraccllularh as a result of fibro- 
blastic activ'ity^ but that the fibroblasts participate directlj m the process 
bv projecting from their surface cjtoplasmic material which is apparcntlj 
utilized m the production of fibrils 

It seems certain (Lev i, 1931, 1932, Olivo, 1933) that conncctiv e tissaic fibres 
which dev elop in culture are not associated w ith the fibrin of the plasma clot. 
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since they develop in serum also Steams also finds no evidence of formation 
^ ^ transformation of fibrin in the rabbit ear Lcvi suggests that 

he fibres are probably produced by gelation of the serum under the iniluencc 
of some substance secreted by the cells 

The question arises as to ivlietlier alkaline phosphatase is concerned m sonic 
way with the fomiation of the osteogenic fibres as well as with the subsequent 
calcification of the osteoid matrix As stated above, the enzyme is produced 
at a very early stage of osteogenesis (T'el) & Robison, 1980) and Gonion’s 
histochemical method has demonstrated considerable phosphatase activity in 
healing woimds during collagen regeneration (Fell & Daniclli, 1043, Daniclli, 
Fell & Kodicek, 1945) although the normal dermis gives almost no reaction 
Not only the fibroblasts but also the young fibres of the scar tissue arc strong!} 
positive, and it is interesting that in the osteoblast cultures also the fine fibres 
surrounding the differentiated cells react intensely with Gomori’s method 
On the other hand, the fibres m the scar cease to react after they have reached 
a certain stage of development, as also do osteogenic fibres m the cultures 

In general the presence of the enzyme seems to be associated nith the 
differentiation and function of cells rather than witli tlieir multiplication 
(Bourne, 1943, Moog, 1944, Brachet, 1947) Thus m healing Avounds m 
vitamin C-deficient guinea-pigs, alkaline phospliatase is nearly absent and no 
normal collagen fibres are formed, but the fibroblasts multijily aclivcl)’ 
(Danielh et al , 1945) 

The localization of the phosphatase m the cells is mtcrcstmg ^Vl^Tncr 
(1942), using cultures of heart fibi oblasts, Avas the first to describe its disln 
bution in cells in vitw, and states that the reaction A\ith Gomori’s method is 
most intense in the nuelei and the chromosomes The higli 'pliosjilmtase content 
of chromosomes has been observed in other tissues (Knigeiis, 1942, Daiuclli 
Catcheside, 1945) My oaati obserA'ations on the localization of the cn/yme in 
fibroblasts in viiio fully agree AAuth those of Willmcr In the differentiated 
osteoblasts" the reaction is much stronger, cspecmlly m tlie c}'toplasm, than in 
the fibroblasts Whether the cytoplasmic phosphatase of the osteoblasts is 
identical Avith that m the nuclei and chromosomes is not knoAvn 


SUMMARY 

1 The initial stages of ossification in vitro liaA^e been studied m ostcolilasl 
cultures derived from the frontal bone of 11-13-day foAA I embryos 

2 Special attention was paid to the development of the osteogenic fibres 

and the distribution of alkaline phosphatase in the tissue 

3 The relationship between the osteoblasts and tlie fibres Aias investigated 
m the living tissue by ordinary transmitted light, Zcmicke’s phase contras 
Illumination and polarized light, and m fixed and stained cultures mounted 

4°^^The results supported the vicav that the fibres are entirely extracclluinr 
in oiigin 
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5 There vas a close correlation betiseen the physiological state of the 
cultures and their ability to form fibres 

6 In preparations made bj' Gomori’s histochemical method ti\o t\pes of 
cell, a fibroblast tj pe and differentiated osteoblasts, are readily distinguishable 

7 The nucleus of the fihrohlast type of cell has a high phosphatase content 
but the cidoplasm is nearly negatne In the osteoblasts, iihich are much 
larger and more irregular m shape than the fibroblasts, both nucleus and 
cj’toplasm react intenseh 

8 The possibility that the alkaline phosphatase maj be concerned in the 
formation of the osteogenic fibres is discussed 

I have pleasure in acknou ledging mv indebtedness to Dr H B Fell for much 
good coxmsel and guidance, to Dr A Glucksmann, Dr M Svann and Dr A 
Hughes for assistance, adMce and criticism, and to Jlr V C Korfield for 
photomicrographs 

I am especially grateful to the Czechoslo^ ak ^Iimstry of Education for the 
financial support which enabled me to study m England 
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EXPLANATION OF PLATES 


Plate 1 

Fig 1 (a) Culture of frontal bone from an 11 day foul embryo, 2 days after removal of the 
origmal bone A group of living cells and fibres have been photographed by Zcrnioke phase 
contrast lUummation ( x 420 ) 

(6) The same field after 58 mm mcubation The relative positions of the cells and fibres have 
changed and one fibre has become thicker (x 420) (Photographs by Dr A F W Hughes) 
Fjg'2 Culture of frontal bone from a 12 day embryo, fixed 2 dajs after removal of the explant 
Note the long, concentnc fibres formed in zone II (cf Text fig 1) 

Haematoxylm, anihno blue orange G ( x 330 ) 

Fig 3 Same culture as that seen m Fig 2 In this region the now fibres are associated with a small 
fragment of the original bone (o 5 ) ( x 330 ) 


Plate 2 

Fig 4 Culture of frontal bone from an 11 day embrjo, treated with the Gomori Takamatsu 
method for the demonstration of alkahno phosphatase Note the blackening of the tissw , 
mdicatmg the presence of the enzyme ( x 10 ) 

Fig 6 Part of zone I in the cidture illustrated m Fig 4, showing differentiated osteoblasts giv ing 
a strong reaction for alkahno phosphatase, and smaller, less reactive tells rcsrniblmg 

fibroblasts (x 400 ) i ,i 

Fig 6 Culture of frontal bone from an 11 day embryo, fixed after 24 hr incubation and treat 

for the demonstration of alkahno phosphatase A differentiated osteoblast in " 

shown The entire cell giv es a strong reaction, which is particularly intense m the c ro si 

Fig 7^ ^toe of the heart of an 11 day embryo, fixed 2 days after the removal of 

explant and treated for the demonstration of alkaline "‘"''j . j 5 ,,, 

smaUer and give a less intense reaction than the differentiated -^obl-ts ( f I igs o. h). 
the nuclei of the fibroblasts react more strongly than the cytoplasm ( x 400 ) 



Journal of Anatomy, Vol S2,Pa7t3 


Plate 1 



184 


Ji McKenzie 


.r,xizrs=-:;riT‘'"*““*-“ 



METHOD 

In the operation of parotidectomy the first step is to identify the branches of 
the facial nerve as they emerge from the borders of the gland, and then to 
dissect backwards along them m the plane between the deep and siiperficml 
parts of the gland But small ducts, indistinguishable from fibrous tissue, may 
be present, linking the two parts of the gland and passing between tlic small 
branches of the facial nerve, i e at places other than between the tno mam 
divisions of the nerve Unless these ducts are obvious, the surgeon cannot be 
sure that they are not being severed in this procedure of removal of the gland 
My technique, therefore, was to inject a coloured solution into the mam 
parotid duct in order to ensure that all the coiincMons between the deeper and 
more superficial parts of the gland should be identified At first I used Janus 
green incorporated in a cold gelatin mass, but later a diluted suspension of 
Indian ink was used, to avoid the possibility of the dye passing through the 
wall of the duct into the tissue spaces The nc\t step was, with the aid of 
a dissecting microscope, to identify and remove scparatelj^ each lobule of the 
gland until the tributaries of the duct had been traced along their v hole length 
One full-time foetal gland and five adult glands vcrc investigated in this way 

OBSERVATIONS 

There is no doubt that deep and superficial parts of the gland can be identified, 
and that they are connected by glandular tissue w Inch may be called an isthmus 
There are, hoivever, not one but many such isthmi None of the specimens 
demonstrated the simple bilobcd arrangement Certainly, an obvious connexion 
always existed betw'een the superficial and deep portions of the gland, and it 
did he in the bifurcation of the mam nerve But not all of the tissue, lying deep 
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to the ner\ e plexus, drained ton ards the ‘ isthmus ’ situated between the two 
mam divisions of the nerve, for m each of the adult specimens small ducts were 
obsen ed passing between the small branches of the facial nem e The majontj 
of these ducts drained lobules of the gland lying deep to the nen'e, and carried 
their secretion to a larger duct in the superficial part of the gland (PI 1) They 
occurred in relation to both the temporo-facial and cen ico-facial dmsions of 
the nerve, although more numerous m the region of the latter (Text-fig 2 A 
and B) A few of these duets, hon ever, ran in the opposite direction, i e they 
drained lobules Ijmg superficial to the nen'e and joined ducts m the deep 
portion of the gland 

In one of the adult glands, a group of lobules was seen surrounding a branch 
of the nerve just as a hand •« ould grasp it (PI 1) The foetal gland showed such 
a condition i erj n ell, and it n as practically impossible to separate this part of 
the gland from the nerve n ithout damaging the lobules Although the inter- 
digitatmg of gland and neri e could not be defined so readily in the foetus, this 



Text fig 2 Three coronal sections of one specimen (from the present senes of dissections) 
illustrating the complex relationship of nerve to gland 


same specimen shotted a fairly large duct running most of its course superficial 
to the nerve, but finallj dipping betttcen the ttto highest branches of the 
cervico-facial div ision to join the mam duct in the deep part of the gland 
In all the dissections, at the upper and lower poles, parenchjmna from the 
superficial portion of the gland burrowed into the depths, bettt een the mandible 
and mastoid process, both abox e and below the mam trunk of the nerx e so as 
to encircle it almost completelj (Text-fig 2C) 

Each specimen had something different to show in the wax of detailed 
distribution of the gland around the nerve, just as much as there xvas x ariation 
m the shape and extent of the xvholc gland and in the pattern of the plexus 
formed bj the nerve 

CONCLUSION’S 

The dissections show that communications betxvcen the superficial and deep 
portions of the gland max oeciu tlirough anj gap in the plexus of the facial 
nerx e and, further, that the exact manner m x\ Inch the gland mterdigilates x\ itli 
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the nerve is not constant We should, therefore, regard the parotid gland not ns 
a simple bilobed structure but as a gland which, developing as an outgrowth 
from the buccal cavity, has travelled backivards in the direction of the ear and 
wrapped itself progressively around the branches of the facial nerve A better 
analogy than a parotid sandwich would be to compare the gland to a creejier 
weaving itself into the meshes of a trelhs-work fence 

Even the possibility of being able to define lobes of the gland in the In mg 
subject is very remote, although the, surgeon may get this erroneous impression 
due to the difficulty of distinguishing the ducts as they traverse the plane of the 
nerve 

I am indebted to Prof R D Lockhart for his very helpful guidance and 
criticism thioughout the investigation, to Mr A Cam for producing mimeious 
photographs of the dissections, and to Mr AY Ciuickshank for preparing llie 
illustrations 


REFERENCES 

Bailey, H (1941) The treatment of tumours of the parotid gland mth special reference to total 
parotidectomy Brit J Surg 28, 337-346 
Bailey, H (1947) Parotidectomy indications and results Bnt med J 1, 404-407 
Brash, J C & Jamieson, E B (1943) Cunningham’s Textbool of Anatomy, 8tli cd , p 993 
London 0\ford University Press 

GEf;ooiEE, E (1912) Le nerf facial et la parotide J Anat , Parts, 48, 437-447 
' Hhrford, F R (1946) The surgical anatomy of the parotid gland Bnt J Surg 34,18(3-187 
Johnston, T B & Whillis, J (1942) Gray’s Anatomy, Descriptive and Applied, 28th cd , 
p 1070, London Longmans 

McCormack, L J , Cauldwell, E W & Anson, B J (1945) The surgical anatomy of the facial 
, nerve with special reference to the parotid gland Surg Qynce Ohstet 80, 020-030 
McWhorter, G L (1917) The relations of the superficial and deep lobes of the parotid gland to 
the ducts and to the facial nerve Anal Bee 12, 149-154 
EoHVii;RE,H &,C0EDrER, G (1934) Surled^ieloppementde la glande parotide etlcs connexions 
qui existent entre les deux lobes do cette glande Ann Anat path vidd chir 11, 022-024 

EXPLANATION OF PLATE 

Dissection of nght parotid region showing masseter (D), and branches of the ccn ico facial div ision 
of the facial nerve {E) (A) is a group of lobules clasping the upper branch of the cerv ico facia 
division, while (B) mdicates four ducts which are draining gland tissue deep to tlic nerves, 
passing between the nerves, and ending in the duct {C) which drams tlie superficial lo 
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THE POST-NATAL DEVELOPi\IENT OF 
RENAL TUBULES IN THE RAT 

By J S BAXTER Avn J yOFFEY"^ 

From the Department of Anatomy, the UntversiUj Bristol 

Renal function in the newborn and very j’’oung differs in several wa^ s from 
that in the adult McCance <L Young (1941) have shonn that nenborn infants 
aln ays excrete a hypotonic urine, that their urea clearances are low as eompared 
nith adult values, and that clearances of sodium, chloride and potassium are 
liken ise Ion, e\en nhen the plasma values are abnormall} high Gruennald 
Popper (1940) hai e pointed out that even the most mature renal corpuscles in 
the newborn haa e a thick glomerular membrane tlirough n Inch filtration must 
be difficult, and this n ould explain some of the differences The Ion a alues for 
mineral clearances in the nen born suggest that the renal tubules, too, differ from 
those of the adult Heller (1944) has brought forward confirmatory evidence 
of this, demonstrating that the renal tubules of nen bom children react a era 
poorly to the antidiuretic principle of the posterior lobe of the pituitara 
The antal dye, trypan blue, is stored by”^ the cells of the proximal cona oluted 
tubule of the kidneys during its excretion (amn Mollendorf, 1920), the greatest 
amount of dve being found in the tubule cells near the glomerulus and the 
intensity of the staining falling off as one passes distally^ along the tubule The 
kidney of the rat at birth, and for some time aftern ards, has a peripheral 
cortical zone of undifferentiated tissue, the neogenic zone (Felix, 1912), and aae 
observed that the cells of this zone did not store tra^pan blue in a'ery y oung rats 
stained intraantam avith this dye In contrast, the epithelium of the tubules in 
the deeper parts of the renal cortex contained dy e droplets in their ca toplasm 
It avas considered that the ability to store vital dye must be related to functional 
differentiation of the nephron, and so it a\as determined to inaestigate the 
matter further to see if any light could be throw n on the structural basis of renal 
function in the aery^ young indiaidual and, in particular, on the differentiation 
of the neogenie zone of the cortex 

The majority of aaorkers avho haa’^c studied the storage of aital dae m the 
permanent kidney^s of ymung animals haa e been interested m the question of renal 
function in pre-natal life None of them appears to haa e w orked upon the rat 
The follow ing summary of obseramtions on the storage of tra pan blue refers, 
then, to the metanepliric tubules before birth in some mammals and birds, 
but certain points emerge aihich haam some bearing on the results of the 
Jiresent work 

Wislocki (1920) injected trypan blue into the amniotic sac in guincn-pig 
foetuses and described and figured blue da e granules in the epithelial cells of the 
proaininl cona oluted tubules of the kidnea s 24-72 hr later Similar experiments 
* Aidcfl ill n print from the Colston Pcsparoli F nnil 
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were performed on cats, and like results were obtained (Wislocki, 1021 h) u lion 

the injection was made directly into the peritoneal caMtj of the foetus 
tn utero 


The reaction of the developing avian metanephros to mtravitam t^^ pan blue 
lias been studied by severahvorkers Wislocki (1021 a) found traces of blue in (he 
metanephiic tubules of the 11-day cluck embryo 48 hr after tlic injection of 
dye into the allantoic mesoblast Hanan (1027) introduced dye into tiie air 
chamber of the egg and noted that it could be detected in the metanephros at 
17 days of incubation Hurd (1928), also working with the chick, investigated 
the matter m greater detail than the two previous writers She found pale grej'- 
green dioplets at 12 days m pyramidal cells of metanephric tubules villi an 
indistinct lumen These cells showed a thickened border with rows of cyto- 
plasmic granules beneath it At 16 days the dye-storing cells in the tubule 
wall were of two types] large and small, both having a definite ‘brush’ boulei 
A similar series of observations was made bj^ Sandstrom (1035) for the duck 
He brought out a further point, namely, that the earlier metanephric tubules 
(19 days) stored the dye m the form of fine particles only, later, at 24 days, 
both fine and coarse masses were present Sandstrom believed that vlicn the 
dye was stored as fine particles only, the glomeruli and the secreting and 
collecting tubules were differentiated but not actively functional, when the 
cells of the proximal convoluted tubules showed dye m large masses aetnc 
function occurred 


MATERIAL AND METHODS 

The kidneys of 36 rats, ranging from newborn to 28 days old, vcrc used in the 
present investigation The animals had been stained intruvitam Iiy a single 
intrapentoneal injection of trypan blue (0 5-1 % aqueous solution) in a dosagr 
of between 20 and 40 mg /lOO g body Aveight An interval of 3-6 days c lajised 
bet^Veen the injection and the killing of an animal 

Rats stained mtravitam at younger than 3 days vere obtained by infra- 
peritoneal injection of trypan blue into the foetus in ntcro Pregnant animals 
were anaesthetized with ether and the abdomen opened by a midlinc lutision 
The semi-transparent uterine horn was then gently manipulated nith gaii/e' 
pads soaked in warm saline until the bellj^ of a foetus nas clearly visible 
A very fine hypodermic needle (no 20), attached to a tubcreulin syringe, nas 
passed through the uterine wall and membranes until it perforated the ante nor 
abdominal wall of the foetus The desired amount of d\c nas injected flu 
needle withdrawn and the mother’s abdomen closed Verj little tendcruy for 
dye to leak into the amniotic cavity was noted, and the fine puncture m tlu 
uterine wall sealed itself as soon as the needle vas vithdravn The operation 
did not interfere with the course of pregnancy and the animals lanu into 
labour at the normal time One could not be certain just how mm h dv i a foe us 
received in relation to its body weight, but ssell-staincd hcaltln ^om.g n r 

obt,nertw.th doses ot 01-0 15 cc ota 1 % solution mjeoud IS I, r heron II, . 
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end of gestation On the other hand, in two cases the administration of 0 2 c c 
of the same solution eaused necrotic changes in the kidnev Hanan (1927) 
noted a similar to vie effect w hen staining chick embr\ os intra\ item bv repeated 
injections of trvqian blue into the air chamber 

TJic liistological methods used to demonstrate trjTian blue in tlie renal 
epithelium were essentialh the same as those used b}’’ one of us in a studv of 
the intrantam-stained adrenal (Baxter, 1910) While Bourn fixation, followed 
bj’' staining w ith carmalum or safranin, gave the most brilliant pictures of dA c 
droplets the quality of fixation was not always as good as could be desired, and 
se% eral fixatives and staining methods were therefore used w ith each specimen 

OBSERVATIONS 

Ncrvborii rat A well-stained animal was secured about 5 min after birth 
A sagittal section of the renal cortex (PI 1, fig 1 ) show saw ell-defined penpheral 
zone where the cells are embr\ onic in type and in w hich no trace of trvpan blue 
IS to be found This is the ncogenic zone The inner two-thirds of the cortex is 
made up of glomeruli and tubules, and the epithelial cells of some of the latter 
contain blue droplets of vital dye Such tubules mav readily be identified b\ 
their histological cliaracters as belonging to the proximal convoluted segment 
of the nephron It may also be seen that the amount of dve and its depth of 
colour 1 arj' from tubule to tubule The most intensely stained tubules are near 
the medulla those underl}nng the neogenie zone show onh a few small pale 
blue droplets in the epithelial cells 

If a proximal con^ oluted tubule be followed in serial sections it is found that 
the amount of dve in the epithelial cells is not constant tliroughout its length 
The staining is heasnest at the neck of the tubule, it remains quite marked in 
the part distal to this and then diminishes gradualh until none can be detected 
in the pars recta where the proximal tubule joins the descending limb of the 
loop of Henle This gradient of d^ e storage along the course of the tubule has 
been noted bj other workers (ion 'MoIIendorf, 1920, Cappell, 1029) The 
differentiated renal cortex of the newborn rat contains from within outw irds, 
four or file rows of recognizalile glomeruli and these difier in histologic il 
character according to their location (PI 1, figs 9-11) The deepest ones arc 
1 irgc and the glomerulus has a lobulatcd appearance The more superficial 
nearer the neogenie zone are small and show no lobulation , the i isccral lai er 
of the capsule is thick The intermediate glomeruli show gradations between 
these two forms If comparable regions of the related proximal tubules be 
exaniined, e g the part just distal to the neck differences are found in the 
number and nature of the dsc droplets in the tubule cells In the deepest 
tubules the droplets are large, of a deep blue colour and occup\ much of the 
cell csToplasm (PI 1, fig 2) In tubules ncir the outer jiart of the cortex d\c 
droplets are \ cr\ few and quite tinv (PI I fig -t) while the inter\ ening ones 
(PI 1 fig 3) show gradations between these extremes The tubules issoeiatcd 
with quite rudimcntar\ glonicnili just deep to the neoireinc zone exhibit no 
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recognizable dye in their epithelium There appears, then, to bo a chn'orcntnl 
reaction to trypan blue on the part of the nephrons of the newborn animal 
It IS noteworthy that the cells of all the tubules storing Mtal d^c ln^o 
a brush border on their luminal surface This can be seen faintly ,n sections 
counterstained with carmalum. but is much clearer in contiol sections stained 
by the trichrome methods (PI 1, figs 3, 0 and 10) The ‘brush’ bolder is 
small and ill-defined in tubules Avhere there arc few dye drojilets it is noli 
marked in the deep tubules showmg maximal storage of trypan blue, but is 
absent from the most superficial tubules beneath the neogcnic zone in -wIikIi 
likewise trypan blue cannot be detected 

Newhoin to -12-datj-old ammah During the first, and most of the second 
week after birth, nephrogenesis is a marked feature of the kidney in the inl 
Precise numerical investigations (Kittelson, 1917) show that the miinber of 
nephrons at birth is more than doubled after 2 weeks Tins results m an 
increase in the number of rows of glomeruli in the cortex to six or seven at 
1 week, and seven or eight at 12 days At the same time theic is an increase in 
the number of tubules that show maximal dye storage Thus, m the kidnej of 
the 7]-day rat, the proximal tubules of the three deepest sets of nepliroiis in 
the cortex show many dense dye masses in their cell cytoplasm The two sets of 
tubules superficial to this show the ‘staircase’ effect previously noted, vhile 
the tubules beneath the neogenic zone ap 2 iear free from dye At 12 days I here 
are four layers of tubules showing maximal dye storage 

In the animals of this age group there are several eases where tno rats of the 
same age have been stained mtravitam for the same time but with dilleicnt 
doses of trypan blue The significant differences between such pairs of an minis 
are to be found only in the intensity of the staining The pattern of dye storage 
in the cortex is the same whether the dose of dye be large or small if the lime o( 
exposure to it is constant, there is a comparable ‘staircase’ eflccl m the won 
peripheral proximal convoluted tubules but with the smaller dose the vital dye 
droplets are not so intense The reasonable conclusion vould appear to be that 
the developmentally older tubules store greater amounts of d>c than those 
more recently differentiated 

About the eighth day following birth, and for some time aftenvards, eerlam 
groups of cells in the neogenic zone become very evident because their cvlo- 
plasm contains much dye in dense blue masses When follov cd m serial s( c tioiis 
eaeh group of these dye-containing cells immediately adjoins a diflerentialmg 
glomerulus and runs in an arched fashion (PI 1, fig 5) to the centre of a mud 
lobule (as defined by Traut, 1923) These tubular structures have not been 
observed to communicate with glomerular spaces The epithelial cells forming 
them are low columnar in type, lack a ‘brush’ border, but bas e an astoms uiig 
avidity for trypan blue In animals treated vith small doses of d.y fi 
r eaLely slmrt time (24-48 hr), and m vhom esen the difierenl. t 
pr :iri tLles containVery moderate numbers 
m the neogenic zone stand out vividly by reason of the brilliant him 
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in tlieir cytoplasm, rivalling in this respect the histiocj tes of the perirenal 
connective tissue of the same animal The i\ all of such a tubule segment is often 
irregular at one place and the lumen here contams pj'^knotic nuclei and debris 

Ammah from 12 to 28 days of age At 12 days some of the tubules just 
beneath the renal capsule shoii a fen very fine, blue droplets m their cell 
cytoplasm (PI 1, fig 6), and these cells also have a tiny ‘brush’ border on 
their lummal side These are the proximal comoluted tubules of the most 
superficial laj'er of neplirons and they constitute the cortex corticis In the 
tubule epithelium nearer the glomerulus the dye droplets are shghtlv larger 
and rather more numerous On the other hand, non here m the most super- 
ficial layer of the renal cortex of the 10-day-old rat are there any dye droplets 
(except the coarse ones mentioned above), nor do the tubules show any sign of 
a ‘brush’ border It nould appear then, that final differentiation of the 
neogenic zone commences betn een these two stages 

With older animals the amount of dj e storage in the cortex corticis increases 
(PI 1, fig 7), and at the end of the fourth neek it is maximal m all the la} ers 
of nephrons (PI 1, fig 8) As the tubule epithelium becomes able to store more 
and more dye so the ‘ brush ’ border becomes larger and more differentiated 

DISCUSSION 

To assess the present results it is necessary to consider the route by n Inch 
trypan blue reaches the tubular epithelium On the one hand, it may pass from 
the intertubular capillaries and be concentrated m the cell cytoplasm, later to 
be excreted into the lumen of the tubule, or, on the other hand, it ma} be 
filtered tlirough the glomerular membrane mto the proMsional urine, be re- 
absorbed into the epithelium from that fluid as it passes along the proximal 
convoluted tubule and be concentrated in the region of the Golgi apparatus in 
the cytoplasm Although certain dyes (e g phenol red — Gersh, 1937) are knonn 
to be excreted into the tubule lumen by the first mechanism, the v eight of 
available evidence and the present obser\ ations favour the view tint tr\ pan 
blue reaches the tubule cells from their luminal aspect (see a on Mollendorf ’s 
rcviev, 1920) 

The question then arises are not the differences m d} e storage seen m the 
proximal tubules in nenborn and young animals simph an expression of 
cliffercnt amounts of dye in the provisional urine passing along these tubules ^ 
At first sight this vould appear to be an attraetive h}pothesis The three 
glomeruli of PI 1, figs 9-11, from the same kidne\, but themsehes m 
different stages of development, shou progress^ e thinning of the glomcrul ir 
membrane yith increasing lobulation betveen the capillar} tufts as the 
glomerulus becomes mature Filtration through the last one vould be much 
easier than through the first More pro\ isioml urine ought then to pass along 
the associated tubule uhose epithelium nould therefore haae brought to it 
a greater total of dye m an} given time, and so could store more M e are 
com meed, however, that this is not the complete explanation for differences in 
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EXPLANATION OF PLATE 

All the figures are from rats stamed mtravitam with trypan blue except Figs 9-11 

Fig 1 Sagittal section of the renal cortex from a newborn rat The neogemc zone (free from dve) 
occupies the upper part of the section, the medulla is below Tn*pan blue is seen in raiymg 
amount m the epithehal cells of the differentiated proximal convoluted tubules Carmalum 
stam X 100 

Fig 2 Commencement of a proximal convoluted tubule in the deepest part of the renal cortex of 
a 2 day rat Note the heavy dve storage in the epithehal cells Carmalum stam x 410 
Fig 3 Proximal convoluted tubule from the mtermediate zone of the renal cortex of the same 
animal Dye storage is not so marked as m Fig 3 Carmalum stam x 670 
Fig 4 Another proximal convoluted tubule from the same kidney but situated nearer the penphery 
of the functional cortex The blue dye droplets are small and few m number Carmalum stam 
x670 

Fig 5 Neogemc zone of the renal cortex from a 10 day rat Note the coarse dve droplets m 
the tubule r unnin g downwards and to the left towards the centre of the renal lobule The 
Burroundmg tissue IS qmte free from dj e Carmalum stam x4I0 
Fig 6 Yerv fine trypan blue droplets m differentiating proximal convoluted tubules of the cortex 
corticis m a 12 day rat The renal capsule is on the extreme left of the figure Carmalum stam 
xlUO 

Fig 7 Proximal convoluted tubule just deep to the renal capsule in a 16 day rat Aledium sized 
dj e droplets can be seen m the cells Haematoxylm ponceau fast green stam x 930 
Fig 8 Penpheral renal cortex from a 28 day rat The proximal convoluted tubules show approxi 
mately equal amounts of dye m their cell cytoplasm Carmalum stam x 410 
Fig 9-11 Immature, medium sized and mature glomeruli from the renal cortex of a 4 day rat 
In Fig 9 note the tmy ‘brush’ border on the cells of the proximal convoluted tubule just below 
the glomerulus In Fig 10 the ‘brush’ border on the associated tubule (above) is larger while 
m Fig 11 the proximal tubule leadmg from the glomerulus shows a fully differentiated brush’ 
border Haematoxylm ponceau fast green stam x 500 
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THE LYMPHATIC DRAINAGE OE THE SPINAL 
NERVE ROOTS IN THE RABBIT 

By E J FIELD and J B BRIERLEY 

Fiom the Depaitment of Anatomy, University of Bristol 

Attention has recently been draivn to the existence of a functional connexion 
between the spinal subarachnoid space and the prevertebral lymiihntic si stem 
(Brierley & Field, 1948), though the detailed anatomical featuies of this com- 
munication could not be elucidated The adoption of a neu technique has noi\ 
made it possible to outline completely the pathwa}^s m question and to make 
certain observations as to their character 

MATERIAL AND METHODS 

The animal used was the rabbit, and all experiments were earned out on the 
living animal under nembutal anaesthesia India ink, made by rubbing dou n 
a solid stick m physiological saline, was found to be unsuitable for direct 
introduction into the lymphatic system, since clumpmg of the particles pre- 
vented permeation of tlie finest vessels Artificial stabilizing agents siicli as 
aerosol, fixanol, etc , were found to be worse than useless, as in maiij eases 
they actually brought about an immediate sedimentation of ink The injection 
mass finally adopted utilized 4 5 % reconstituted human jilasnia protein solid ion 
as dispersion medium, this bemg an average value for the iirotcm content ol 
lymph (Drinker & Yoffey, 1941) Such a suspension, filtered through a no 5 
Whatman paper, was made up fresh for each experiment In it the range of 
particle size extended from 0 4 to 1 5p, but 90% vere about 0 5p 

Three groups of experiments were carried out 

(1) In a preliminary series, mk was injected subcapsularly into the pre- 
vertebral and mesenteric lymph nodes Such an injection gave good filling of 
the longitudinal channels on the front of the spine and of the small nodes along 
their course The fine vessels leading dorsally from these channels verc only 
filled, however, for 1 or 2 mm beyond the point at vhich thej disappeared 
from view by passing under the opposed medial margins of the psoas muscles 
In these experiments no obstruction was offered to the free return of h mpli 
from the abdomen The thoracic duct quickly became filled vith ink, vhilsL 
no perceptible increase in resistance to the injection vas encountered 

(2) In order to introduce an element of stasis in the abdominal lymph 
return and thus facilitate retrograde fillmg of the small vessels leading dorsallj 
from the prevertebral nodes, another series of experiments was undertaken m 
which the multiple longitudinal lymph coUccting trunks grouped round tlic 
aorta and inferior vena cava were isolated and individually ligated Into one 
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of their number a fine eannula, directed caudallj , A\as mtroduced The cannula 
Mas connected to a resenmir of mk at a height of about 200 mm — a pressure 
Mell Mithin the range recorded for this section of the Ijunphatie ssstem 
(Drinker <L Yoffey, 1941) In onlj one of a dozen experiments nas successful 
retrograde filling of the fine dorsally directed lessels obtamed bj tins pro- 
cedure (PI 1, fig 1) The failures rscrc due to the presence of ^al^cs m the 
larger vessels easily capable of withstanding the pressure emploied The 
successful case vras the result of a lucks' circumstance in w hich no i ah es w ere 
interposed between the site chosen for cannulation and the nearest dorsalli 
directed fine segmental Ijmphatic 

(8) In order to dilate these i essels and thereby render their i ah es incompetent, 
it was decided to ligate the thoracic duct before introducmg India ink into the 
posterior abdommal lymphatic sjstem Ligation of the duct in the neck 
proved an uncertam procedure, and the operation was therefore carried out in 
the thorax Ljunphatico-r enous communications do not appear to ha\ e been 
reported in the rabbit, but should they be of the same tj'pe as m the monkej 
(Silvester, 1910) and rat (Job, 1918), then ligation of the thoracic duct would 
not be expected to produce more than a temporarj' stagnation of the abdominal 
lymphatic return 

A preliminary' tracheotomy was performed, and respiration w as maintained 
mechanically throughout the cxpermient The animal was placed on its left 
side over a pad on an electncally heated operating table, the nght paw pulled 
well forward, and an oblique incision made paraUcl to the rertcbral border of 
the scapula The latter w as retracted and a convenient nb, usually the se\ enth, 
resected In order to obtain an adequate exposure of the posterior mediastinum 
the posterior limit of the resection was placed well back m the sacrospniilis 
inuscuHturc In the lateral position the rabbit is ^ cry' sensitive to mcdnstinal 
displacement and so, as soon as the pleura was opened, aeration of the lungs 
was adjusted to reduce this as far as possible A swab was inserted and the 
right lung gently puUed forward The operation field was illuminated by the 
sniill bulb of an electric aunscope mtroduced into the chest In some of the 
earlier cxpermicnts a preliminary feed of oln e oil by stomach tube w is found 
to be of help in the identification of the thoracic duct, but w ith practice this 
was found to be unnecessarv The duct was usually easily seen, either at once 
or after minim il dissection, immediately' to the left of the vena azy gos On tw o 
occasions, how ei cr it could not be identified with certainty and the oiieration 
then became a ‘ blind ’ one the success or failure of w Inch w as checked post- 
mortem A-finc braided black silk suture on a small c\ elcss needle w as passed 
round the duct and tied Y hilst this procedure entailed little d ingcr to the 
aorta, the azygos a cm a\ as occ isionally injured Bleeding, how ca cr, ina an ibly 
ceased a\hcn the ligature aias tied Successful ligation of tlie duct rcsultcel m 
immediate distension of its distal segment The chest a\as then closed aaith 
large interrupted catgut sutures as rapidly as possible It as as found to be 
important to turn the animal half on to the operated side as soon as feasible 
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The cxi^edition mth which the chest could be closed and the amnud tinned into 
this position seemed to deteimme materially the success of the operation as 
measured by the number of houis survival 

Laparotomy was undertaken forthwith in all but seven cases In these hit Ici 
an interval of 20-30 mm was allowed to elapse so that the general condition 
ol the animal might impiove before further operative trauma was inllicled 
the pievertebral lymph nodes round the aortic bifurcation veic cleared ol 
oveilying peritoneum and injected with India mk The great lymjihatic mass 
in the mesentery was similarly injected In all cases injection vas stojijicd as 
soon as lesistance became at all appreciable By repetition of this inoccduie 
at mtervals of 2 or 3 lir as much as 4 or 5 c c of ink could be introduced, 
though excellent results were obtained with as little as 3 c c or even less IVht 1 1 
a male animal was used, injection of the epididymis also vas earned out 
Altogether six out ol twenty-two animals survived these formidable ojiciativc 
procedures foi periods of 10-12 hr , during which time the pulse remained good 
and repeated doses of nembutal had to be administered to maintain an adequate 
depth of anaesthesia 

At the conclusion of an experiment the animal vas pcrlused vitli sahiu 
lollowed by 10% formol saline An adequate perfusion greatly jaeilifalcd 
post-mortem dissection 

RESULTS 

The full picture of retrograde flow of ink to the vicinity of tiic ncivc loofs vas 
only met with m the six animals which survived operation for 10-12 hr In 
those which were killed or died 2 or 3 lu- after operation, ink was nc\ cr lound 
to have extended more than a millimetre or tvo baekivards in the line ‘seg- 
mental’ lymphatics The lapse of 10-12 lu- was essential to allow ol baekw.ird 
movement of ink m the static lymph of these fine vessels 

In the expernnents of 10-12 hr duration, laminectomy revealed that in the 
upper lumbar and lower thoracic regions varying amounts ol ink reached Uie 
vicinity of the dorsal root ganglia In two of these six cases fine lynipliatie 
vessels were found to commence in the substance of the erector spinae 
musculature where their radicles could be seen under the binocular dissecting 
microscope coursing between small bundles of muscle fibres The vessels, tvo 
or tiuee m number, passed ventrally in company vnth the blood and nerve 
supply of the muscle towards the region of the intervertebral foramen Here 
tributaries came m from the neighbourhood of the dorsal root ganglion and Us 
related epidural fat (Text-fig 1, PI L % D In these tvo eases India ink 
nai tides had actually reached the surface of the dorsal root g.mglion and the 
adioining<Jord membranes The close relation betn ecn small ink-fillcd tnlin laries 
and the nerve just distal to the dorsal root ganglion is shovn in PI 1, Ug 3 
at lymthat.es under cons.derat.nn were w.de ehannels hned ,uth flatten., 
.andnthdmm fpl 1 fiff 4), and fine ink particles could be seen in all stages of 
passage through them walls There vv as no sn elling of the endothelial cells sue . 

^ niidithavebeenexpectedifthepartideshadbccnactivclyphagocjtosed fiie 


as 
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appearances suggested rather a purely passive movement of ink particles 
through the protoplasm of the endothelial cells Outside the I3 mphatics man\ 
free ink partieles eould be seen Ijung in the meshes of the epidural fat of the 
inten ertebral foramen 

Having received these tributaries from the dorsal root ganglion area the 
mam h mph \ essel passed ventrally and cranialv ard in companj v itli Iilood 
aessels closelj’- opposed to tlie vertebral bodj’’ under cos er of a ving-hke bona 



Text fig 1 Lumbar vertebra and spinal cord from the left and behind (a) Nerve root with 
hanphatio radicles, (1) bony process hiding lymphatic afferents emerging from \ ertebral bodj 
(c) mam lymph vessel joining longitudmal tnink (d) (e) nfiferent vessels from dorsal 
musculature, (/) spmal cord 
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Text fig 2 Dissection of the prox ertebral lymphatic channels in the upper lumbar region Two 
1 ah dess longitudinal trunks (a g) lie dorsal to the aorta and inferior vena ca\a [e,f) which 
liaie been displaced centrally Small preicrtcbral lymph nodules (4) are located along llie'^c 
tniiiks and from them fine dorsallj directed \ csscls (d) pass betu een the opposed mcchal margins 
of the psoas muscles m the mid line These are the vessels that constitute the segmental 
drainage of the spmal subarachnoid space, (c) left renal artery 

plate (Tevt-fig 1 &) A fibrous sheet passed from the edge of the plate to the 
t ertebral body to complete an osteofascial tunnel for the t essels W hilst m this 
situation the lymphatic received a tributarv from the interior of the t ertebral 
body After emerging from under cover of the medial edge of the psoas it ended 
in one of the longitudinal ducts related to the front of the spine (Text-fig 2) 
It was this terminal section of the vessel which had been noted previoiish as 
a ‘segmentar h inpliatic, follow ing subarachnoid introduction of ink \long 
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‘■“t” ■■> determining tins onMon Conditions 
hlch reduce tins difference, either by lowering the siibnrnclinoid pressure in 
raising the lymphatic pressure must therefoie facilitate the chfrusion ol 
particulate matter against the centrifugal stream '• 

The lymphatic connexions of the spinal subaiachnoicl space must be taken 
into account m evaluating the clinical and cxpeiimcnLil plieiiomeii.i met uitli 
m poliomyelitis The subject is an extensive one and has been rcvicvcd 
elsewhere (Field & Brierley, 1948) 

In addition to the tributaries from the dorsal root ganglion region the i cssel 
which passes ventrally round the side of the vertebral body receives a tribnlnr\ 
from its interior This arrangement, should it turn out to be similar in man, nia\ 
be of significance as affording an anatomical patln\a^ bv winch scton(lar\ 
deposits may reach the spine from the abdominal viscera and from flic tcsliclc 
Rouviere (1932) has shoivn the existence in man of l 3 miphatic iTsscls aiising 
in the sacrospinalis musculature and passing ventrally to the jiara-aorlio nodes 
These vessels are no doubt analogous to those here described, but flic anihoi 
gives no details of their course, nor docs he mention any tributaries Ibal 
they receive 

SUMMARY 


1 The technique of ligation of the thoracic duct m the mid-chest region is 
described 

2 The anatomical detail of the lymphatic connexions belucen the rieiie 
root legion and the prevertebial lymph nodes is described 

3 The peimeability of lymphatic endothelium to particles below 1 'i/t 
diameter is confirmed 

4 The possibility of retrograde spread of infective agencies to the lenlial 
neivous system along direct lymphatic channels is briefly discussed, and IIk 
conditions favourable to such an occurrence considered 
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Southmead Hospital, Bristol, for the plasma used m their cxperimcnls, uid 
to Messrs Abbott Laboratories for a suppl> of nembutal Tlicir thanks an dm 
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* Particulate matter is often used m biological probleiUB as an mil Hnn to eb b ^-n 

fluid flou Some knowledge of the physical factors which may influence tl ' 

eg particle size, Mscosity of medium, temperatum.ee ^ „ U ' m a u n. m 

Department of Cheniistiy.UnnorsiU of Bristol Ins kmdK suppiud tlu an.h.M 
appendix to this conimiinication 
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APPENDIX 

DIFFUSION OF PARTICLES AGAINST A FLUID STREAM 
Theotehcal consideiaiions 

Consider first the flo^\ of m ater doim a eapillary The velocit}^ ■mil a ary from 
zero at the sides to a maximum at the middle — sueh a liquid show s parabohe 
flow 

Consider a particle w ith a diffusion 
A eloeity»^(-z;^ against stream) Its T 

net A eloeity, v^, a\ ill be the algebraic of flow ' 'N. 

sum of Vj) and v^,, ^ ^ \ 

= 4 A 

For many purposes one might assume L-! LJ 

an aA^erage velocity across tube, 




For nj, = 0, zero net velocity, 

— Vj) — v^ — the velocity of streaming 

The factors influencing are determmed by the Stokes-Einstem equation for 
the diffusion coefTicient D, and Ave may assume Vj^ccD, 

fliraqiV’ 

N = AA'ogadro’s number, T = absolute temperature, tj = viscosity of liquid, 

R = gas constant, a = radius of particle 

This equation holds for a dilute suspension of sphencal particles of radius a, 

preferably considerably greater than the molecular radius of the liquid, i e it 

w ould hold for particles such as India ink or Aurus 

We may then deriA^e the conditions for a particle just not to diffuse against 

1 certain fluid floAv, vt’’ It is 

' T 

— = constant ( 1 ) 

a-rj ' 

10 appreciate the elTcct of temperature increase, w e must allow for its effect 
on 7) Then for aa ater, 

87° C 77 = 0 G947 centipoise 
38° C 77 = 0 6814 centipoise 

Thus a rise of 1 ° C affects T by only 1 part in 310 (310-311° K ) 77 is affected 
bj 1 3 parts in 69 In fact, for most purposes w e express 77 as 

77 = 77 „c'''r 

where tjq and b arc constants for the liquid concerned Then condition (1) 
becomes 

T 

^ = constant 
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Thus, treating the Ijnnph as pure uater to a first approximation, there ,s 
a logarithmic relation between « (the radius of particle u Inch is just sto.mod 
3 a certam average flow of fluid) and temperature, of the form 

log a = constant + log T-~ 

Hence an increase in T will considerabty increase the size of particle vluch 
will be able to diffuse against a constant fluid stream Smiilaily, at constant 
temperature, an}^ change m rj of the lymph, due, say, to Aaiving jirotcin 
content, will affect inversely the limiting size of particle v Inch v ill just ht alik 
to diffuse against a constant stream 

D D 1 1 UY 
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EXPLANATION OF PLATE 1 

1 A lymphatic vessel filled with India ink, in close relation to the spinal nerve jii-t la}""'! 
the dorsal root ganghon Fine particles of free ink liav c migrated through the Ij mplmti. vv all 

and have come mto intimate relationship with the nerv e xlSOO 

2 Ink filled lymphatics m the epidural fat close to tho dorsal root gang ion >" > 

3 Lymphatics grouped round the nerve just distal to the doma root gan^ion . R . 

4 Ink filled lymphatic close to dorsal root ganglion Tlic endothelial hug 

fppatf. nd ?rlle. of Into .nk c» bo ««. po.,ng .1 Tbc o, d.rk „ 

an accumulation of ink together vvnth mflammatorj cells x 800 
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CYCLIC CHANGES IN THE UTERINE BHJCOSA 
OF BALAENOPTERID WHALES 

By L HARRISON :\IATTHEWS, Research FeUoiu, University of Bristol 

INTRODUCTION 

This report presents the results of examining a senes of specimens of uterine 
mucosa from antarctic n hales Verv little uork has appeared on this subject, 
a brief passage m the paper by Mackmtosh & AVheeler (1929), which is referred 
to m the discussion below, containing the onl}’’ obser\ ations on the changes in 
the uterine mucosa of u hales that have been found in the literature These 
authors exammed a few specimens but im estigated none from the later stages 
of pregnancy, thereby missing one of the most strikmg phenomena that occur 
in the cycle of changes 

In the present work the material is classified into groups according to the 
physiological state of the animal from which it comes, and the histological 
details characterizing each group are described The cycle of changes that occurs 
during the progress from anoestrus through pregnancy and lactation back to 
anoestrus is outlined and the findings discussed in the light of the relevant 
literature The matenal from pregnant whales here m-v estigated consists of the 
mucosa from either the sterile cornu of the uterus or from the pregnant one or 
from both 

MATERIAL 

The matenal consists of forty-four specimens of utenne mucosa from thirt\ - 
four V hales, eighteen Blue, fifteen Fin and one Humpback Data relating to 
date of capture, length, macroscopic appearance and vudth of the uterine 
cornua, number of corpora lutea in the ovaries, length of foetus if present, and 
thickness and state of the mammary glands are given as an Appendix Each 
specimen consists of a block of tissue some 1—2 cm cube from the v all of the 
cornu including a section through the mucosa and part or all of the muscular 
coats No part of the chorion is present m anv of the specimens from pregnant 
n hales, it has presumablj been stripped off, though no information on the 
point accompanies the specimens The large chorionic sac i\ ith diffuse placenta 
fills both cornua in those Cetacea, sexeral species of Odontoceti according to 
Mossman (1937), in v Inch it is known The foetus occupies the pregnant cornu, 
and the chorion n ithin the sterile one is filled by the ^ ery large allantoic % esicle 
There is no reason to doubt that the condition m the Balaenoptend vlialcs 
differs materialh , though no detailed description of the foetal membranes and 
placenta in these n hales has jet appeared according to Mossman (1937) The 
material vas fixed cither in Bourn’s fluid or in 10% formalin and nas jirc- 
sened in formalin It is in fair Justological state but some post-mortem 

r. 2 
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changes appear to have occurred m all specimens before fixation This is onlv 
to be expected because it is very difficult to obtain complcteh fresh matcnal 
toi histological purposes from whales Decomposition staits ver3^ soon afler 
death in these animals, insulated against heat loss by their blubbci, and it is 
seldom that whales can be examined on a factory ship ■nithni an hour of tlicn 
death The material was collected in antarctic wateis by Dr F D Olnmannc^ 
on board the floating factory Sahestna during the southern v haling season 
of 1939-40, the earliest specimen being dated 14 Deccmbci and llic latest 
28 Februarj’' The collection has been made available for examination h) 
courtesy of Dr F C Fraser of the British Museum (Natural Histoiy) and of 
Dr N A Mackintosh of the Discover if investigations, to whom the author v islics 
to express his thanks 

The specimens from pregnant whales do not include the foetal placenta, 
which IS diffuse, and being non-deciduous readily parts fioin the maternal 
tissues The dimensions of the cornua in many of the whales were recorded in 
the field, the measurement made being the greatest vidth across the coinu in 
a coll^sed state Avhen lying on a flat surface The corpora lutea present in flu 
ovaries were noted in the field as ‘corpora lutea A’, young corpoia lutea of 
ovulation or a current pregnancy, and ‘corpora lutea B’, old coijioia lutea 
remaining from previous ovulations or piegnancics and partly oi vholl) 
transformed into corpora albicantia 

The mucosa from the specimens was examined in sections cut pcrjienditular 
to its surface at a thickness of 10/x Sections from all specimens vcrc stained 
with Heidenham’s haematoxylin and Beibiich scarlet, and further seel ions 
weie stained with Mallory’s tuple stain 

In this paper all field measurements taken m feet and inches ha\c luiii 
converted to the metric system 


CLASSIFICATION OF THE MATERIAL INTO GROUPS 

A preliminary examination of the material after it had been sectioned showtd 
that there is no important diffcience between the mucosa of the tun dosih 
related species, the Blue and Fm whales The material from these tvo sjuncs 
has therefore been considered togethei in tracing the changes \vhi(h oinir 
before, during and after pregnancy, but the specimens from the single Iltimj)- 
back whale are not included with these and arc described scjiaratclj 

The specimens fall naturally into five groups, those from vlialcs nliuh an 
immature, adult m anoestrus, ovulating, pregnant and lactatmg The iingnaiit 
group IS conveniently subdivided into three parts containing nlialcs m larh, 
middle and later pregnancy The arbitrary standard here adopted for ( is- 
tinguishing the three is the length of the foetus up to 0 702 m (2 ft 0 m ) m 
the first, 0 762 m (2 ft 6 m ) to 1 68 m (5 ft 6 in ) in the second, and 1 08 m 
(5 ft 6 in ) to 4 57 m (15 ft ) in the third Table 1 shovs the numbers and 

species in each of the seven groups thus defined 
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T\ble 1 Numbers and species of whales in each group 

Early Jtd Later 

Species Immature Anoestrus Ovulatmg pregnancy pregnancy pregnancy Lactatmg 

Blue whale 2 3 — 1 3 6 3 

Fm whale 1 3 1 4 15 — 

Humpback — — — — 1 — — 

Totals 3 6 1 5 4 + 1 11 3 

GENERAL NOTES ON THE WHALES IN EACH GROUP 
Group a Immature 

The trhales m this group w ere all of adult size although they tt ere sexuallj 
immature The Fm whale Mas 19 S5 m and the Blue whales 21 54 and 22 61 m 
long In all of them the ovaries were immature, containing neither ripe 
folhcles nor corpora lutea The mdth of the uterine cornua ranged from 8 9 to 
10 2 cm , and the mammary glands were virgin, measuring from 2 5 to 3 8 cm 
in thickness 

Group j8 Adult in anoestrus 

All tlie SIX M hales in this group had been pregnant at least once The three 
Fin M hales ranged in length from 21 11 to 23 27 m , and the tlirec Blue u hales 
from 24 84 to 25 27 m In none of them did the oi aries contain ripe folhcles, 
but m all of them they contained one or more corpora albicantia One Fin 
uliale had been pregnant only once, for its ovaries contained a single corpus 
albicans The o\ aries of the other two Fm u hales contained tliree and seven 
corpora albicantia respectu ely One of the Blue u hales had not been pregnant 
more than tA\ ice, the o\ aries containing tu o corpora albicantia onlj , but the 
other tuo Blue whales were multiparous, their o^ aries containing thirteen and 
sixteen corpora albicantia respectively The u idth of the uterine cornua m the 
Fin M hales ranged from 10 2 to 12 7 cm , m the Blue n hales from 10 2 cm in 
the uhale with only tuo corpora albicantia to 78 8 cm in the uidcst cornu of 
the uhale with thirteen corpora albicantia The smaller cornu of the latter 
M hale was 40 6 cm across, and a cornu of the m hale with sixteen corpora 
albicantia u as 20 3 cm m mdth No record of any high degree of \ asculariza- 
tion in the uterus u as made for any of these u hales, and for tu o of them the 
field notes state that the vessels of the cornua uere ‘not congested’ In all the 
M hales of this group the mammarj glands Mere incoluted and not curgm, 
shoMing that all includmg the joungest had not only been pregnant but had 
subsequent!} come into lactation The tluckness of the gland ranged from 
2 5 to 10 8 cm The differences in thickness of the in\ oluted gland m ere 
probabh due to the length of time since the last period of lactation rather than 
to the number of lactations tint had occurred Tlus conclusion is supported b^ 
the fact that the gland was C 4 cm thick m the Im whale Mhich had been 
pregnant onlj once but only 2 5 cm thick in that m hich had three coriiora 
albicantia m the o\ aries md 3 4 cm thick m that mIucIi had secen coqiora 
albicantia Among the Blue Mliales the thickest mammary gland, which 
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meas^ed 10 8 cm tluough, was in the whale with onh U^o corpora alincanha 
and the thinnest measuring only 5 1cm through uas in the uhalc amUi’ 
sixteen corpora albicantia 


Gionp y Ovulating 

Only one whale, a Fin whale 22 12 m long, falls into this grouii The 
ovaries contained tliree recently formed corpora lutea and no less than fot (y 
corpora albicantia It has generally been held that vhalcs have a s.imie 
ovulation at each oestrus, and that in the absence of fertilization there is 
a succession of short polyoestrous cycles The three fresh corpora lutea in the 
ovaries show that the whale was experiencing such a succession of cycles, and 
the very large number of corpora albicantia suggests that this animal had 
experienced similar infertile polyoestious cycles m the past No embryo vas 
found in the uterus although search was made Ovulation had vcr\ recently 
occurred, and it is likely that the blastocyst if present had not } ct reached the 
uterus, ova or blastocysts m the uterine tube are very easily missed during the 
examination of whales that are being utilized commercially This vlialc had 
been pregnant and had laetated previously, for the mammal y gland vas 
' involuted and 5 1 cm m thickness 


Gioup 8 Whales %n eaihj picgnancij 

This group compiises the five whales containing foetuses up to but not 
exceeding 0 762 m (2 ft 6m) in length Four of them vcrc Fm v hales 
ranging from 18 49 to 22 35 m in length, the remaining Blue v hale being 
22 76 m long The smallest Fm whale was m its first pregnancy, the o\nrics 
containing only one corpus luteum and the uterus a foetus 0 242 m long, the 
pregnant cornu being 24 2 cm m width The mammary gland vas onlj 2 5 ( m 
m thickness and was virgin, showing that lactation had never occurred The 
Blue whale was also probably m its first pregnancy, as shovn by the virgin 
state of the mammary gland which uas 3 1 cm thick But the ovaries eon- 
tamed the corpus luteum of the recent ovulation and a corpus albicans The 
latter probably repiesented a sterile first oestrus but might ha\c represented 
an abortive pregnancy The width of the uterine cornu on the side of the oi arj. 
with the young corpus luteum was 20 3 cm , that ol the other 22 cm Iso 
foetus was found in this whale but the field note obscrs'cs ‘\cry small foetus 


missed “i” 

The remaming three Fm whales had all been pregnant previously, as sliovn 
by their involuted mammary glands vluch ranged in thickness from t 4 to 
7 0 cm In each the ovaries contained one large > oung corpus luteum of the 
current pregnancy and respectively tlirce, six and nine corpora albicantia '1 v\o 
contained foetuses, but the field note for the third states that no foetus v.is 
found though both cornua were searched In the latter vhalc the iitermr 
cornu of the side corresponding to the ovary containing a young corpus luteum 
and two corpora albicantia measured 20 3 cm across and the other eonm. 
Avhose corresponding ovary contained one corpus albicans, 17 8 eni Both u re 
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noted as being ‘not congested’ One of the other hales contained a male 
foetus 0 242 m long m a cornu 24 2 cm -wide, the sterile cornu bemg 25 4 cm 
ivide The o^arles contained one joung corpus luteum of pregnancj and nine 
corpora albicantia The third uhale contained a male foetus 0 381 m long, 
no data are recorded about the dimensions of the uterme cornua, but the 
ovaries contamed one corpus luteum and six corpora albicantia 

Group e Whales in mid-prcgnancy 

Four hales, three Blue and one im, fall into this group The lengths of 
their foetuses ranged from 0 04 to 1 51 m , and trss o of the mothers ere in 
their first pregnancies 

The Fm nhale, 19 94 m long, contamed a male foetus 1 32 ni long, and 
the Midth of its pregnant cornu i\as 55 9 cm The oiaries contamed onlj one 
corpus luteum, a j oung one, and the lurgm mammary gland ivas 3 1 cm 
thick One of the Blue n hales, 23 11 m long, nas also m its first pregnancy, 
and contained a female foetus 1 45 m long The pregnant cornu n as 73 7 cm 
n ide and the sterile one 49 4 cm The ovaries contamed only one corpus 
luteum, that of the current pregnancy, m the o\ ary correspondmg m ith the 
pregnant cornu The mammary gland was m the virgm state and measured 

3 8 cm in thickness 

Both the other n hales m this group are Blue n hales and had been pregnant 
previously as shoivn by the m%oluted state of the mammarj' glands One, 
nhose length is not recorded, contained a male foetus 0 94 ni long, and the 
mdth of its pregnant cornu uas 81 3 cm , of its sterile one 50 8 cm The ovaries 
contamed one young functional corpus luteum and five corpora albicantia 
The m\oluted mammary gland was 5 1 cm m thickness The other whale, 
27 00 m long, contamed a female foetus 1 51 m long The measurements of 
the uterine cornua are not recorded, but the field note states that the cornua 
were ‘not congested’ The oiaries contained one corpus luteum and ten 
corpora albicantia The involuted mammary gland was 8 2 cm thick 

Group I IVhales in later pregnancy 

The length of the foetuses m the whales of this group ranges from 1 73 to 

4 50 m Ele\en_w hales come under this category, fiie Fm and sm Blue, and 
all had been pregnant at least once before, the manunar}’' glands of all of them 
bemg im oluted and not virgin In Table 2 are summarized the data relating 
to these whales, their foetuses, uterine cornua and mammarj glands 

It wiU be noted from these data that one whale, SV204, was m its second 
pregnancj, and another, SV4C, m its second or third All the others had 
probably been pregnant more than once pre\ lously, some of them man\ times, 
though the high numbers of corpora ilbicantia m S\ 40 with twent}-two and 
SV4S wath thirlj'-fne do not ncccssanh implj that a corresponding number 
of pregnancies had been evpenenccd These high numbers merelj show that 
the w lialcs w ere comparatu eh old and multiparous 
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Whale no 

SV40 

SV263 

SV274 

SV204 

SV44 

SV46 

SV94 

SV490 

SV32 

SV48 


SV416 


Table 2 


Species 

Date 

Fin 

19 

XU 

Blue 

25 

1 

Fin 

26 

1 

Fm 

18 

1 

Blue 

20 

sa 

Blue 

22 

XU 

Blue 

31 

xn 

Fin 

24 

u 

Blue 

18 

\a 

Blue 

24 

XU 

Fin 

1511 


Data from rvhales vi latei jvcgnancij 


Reid notes and 
width of comua 
(cm ) 

Length , --"w- ^ 

(m ) Pregnant Sterile 
21 67 ~ _ 

26 14 78 8 

21 2 67 4 48 3 

18 62 ~ _ 

27 13 'Not very congested 
24 79 83 9 — 

26 59 — _ 

21 41 96 5 — 

23 85 — __ 

26 95 139 7 62 3 

‘Both heavily 
congested ’ 

22 10 77 6 — 


Corpora Foetus 


albi Length 
luteacantia (m ) Sc\ 

1 22 1 73 h 

1 16 1 85 F 

1 16 1 89 F 

J 1 1 91 M 

’J 11 2 01 M 

I 2 2 59 M 

1 13 2 82 F 

1 5 3 10 F 

1 0 3 68 F 

1 35 3 89 F 


4 50 F 


Jlanimar^ 
gland 
thickness 
(cm ) (all 
imoluUd) 

57 
115 
64 
51 
64 
3 8 
10 2 
12 
44 
10 2 


14 


Ghoiip rj Lactahng 

Three Blue whales form this group, one of tlieni hctntmg for the hrst time, 
anothei for not more than the second time The first was lactatnig frccit and 
contained one corpus albicans It was 24 41 m long, the uteiinc cornua both 
measured 115 cm across and the mammary gland was 27 0 cm thick In Hit 
whale 23 17 m long, probably lactatmg for the second tune, the oiaiies 
contained two corpora albicantia, and the uterine eornua ^^crc both IG 5 cm 
wide and noted as ‘not congested’ The thickness of the in, mini. ir} gl.uul was 
not measured, but the -whale was recorded as Tactating shgiillj ’ The thud 
whale was 22 45 m long and was an old multipara as shown by the jircsciu t 
of nineteen coipora albicantia m the ovaries The uterine cornua were 22 '» and 
25 4 cm wide respectively, and the freely lactatmg mammary gl.ind was 
24 2 cm thick 


HISTOLOGICAL STRUCTURE OF THE MUCOSA IN 
EACH GROUP 

Before considering the changes that arc obsen^cd in the mucosa in jiassiiig 
from one group to another, a description is now given of the histolog> of the 
mucosa m representative examples from each group 

In all specimens the mucosa is clearly divisible into two lajcrs, .i Ihinmr 
subepithehal layer, the stratum compactum, containing only the ducts of the 
glands, and a thicker deep layer, the stratum spongiosum, containing the 
convoluted parts of the glands 

Group a Immature 

Among the tliree whales in this group the thickness of the mucos,i .is .i whole 
ranges fiom 0 5 to 1 5 mm (mean 1 2 mm ), and of the stratum eomjiactum 
from 80 to 200p (mean 112 p) The surface of the mucosa is smooth or di% ah d 
by only a few minute furrows In all specimens the cpitliehum h,is been lost 
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from the surface of the mucosa, probabl} post-mortem (PI 1, fig 1) In SV47 
the glands are fc^\, scattered and not greatty comoluted The} are 30-40 p m 
diameter, have small or no visible lumina, and arelmed by columnar epithelium 
The nuclei of the gland epithelium fill the greater part of the cells in the deeper 
part of the stratum spongiosum, but occupj onlj about the basal hah es of the 
cells in the parts of the glands immediately belov the stratum corapactum 
The ducts m the latter stratimi are few and widelj scattered, thej are Imed 
bj a similar columnar epithelium lla^ mg the nuclei at the bases of the cells 
This epithelium v as presumabh contmuous v ith that lining the mucosa, but 
m the specimen it stops short at the mouths of the glands, the epithelial lining 
of the uterine lumen liaMng been lost apparent!} as a result of post-mortem 
changes before fixation The capillaries of the mucosa appear to be slight!} 
more numerous than the glands, but larger \ essels are few At the base of the 
mucosa and m the submucosa the ^ essels are much larger and more con- 
spicuous The submucosa is about equal m depth to the mucosa and consists 
of a ver} loose areolar and connectii e tissue among which he the larger blood 
^ essels 

The stratum compactum consists of a closel} packed connects e tissue se\ en 
or eight cells thick Its outer layers arc rather flattened and tend to be 
stratified The la}er of flattened cells is tliree to four cells thick, and the 
deeper cells beneath it are jiolyhedral The closel} packed cells of the stratum 
compactum arc small so that the nuclei fill a comparatn eh large proportion 
of the cell volumes Tlus concentration of nuclei gis es a characteristic pattern 
to the stratum compactum m contrast to the much more loosely arranged 
stratum spongiosum with its more wndel} scattered nuclei In addition the 
stratum compactum contains less collagenous material, so that the nuclei stand 
out conspicuousl} against a paler background m specimens stained with 
Jlallory’s triple stain 

In SV280 (PI 1, fig 2) the surface of the mucosa is mterrupted b^ more 
numerous and conspicuous depressions at the bases of w Inch the mouths of the 
glands open The glands are larger, some of the more superficial ones hai mg 
a w ell-marked lumen The stratum compactum is thicker and the cells m it are 
less concentrated 

Group jS Adult m anoestrus 

In this group the thickness of the mucosa ranges from 1 5 to 4 0 mm , the 
mean being 2 4 mm The thickness of the stratum compactum ranges from 
50 to 400^ (mean 194 p) The a essels arc much larger and more numerous than 
111 specimens from the previous group because all the whales had been pregnant 
at least once 

In SV2S3 (PI 1, fig 3) the surface of the mucosa m the larger cornu is 
smooth and raised mto low ridges The glands are numerous and much con- 
Nolutcd, 40-50p in diameter, and haie Msible though small lumina The% arc 
lined with columnar epithelium whose large nuclei fill the basal half to two- 
thirds of the cells In the deeper parts of the mucosa the nuclei of the gland 
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cells are approximately circular and fiU only the basal halves of the cells, m (he 
ore superficial parts the nuclei aie o^al, the axes of then long di.unelcrs 
comciding with those of the cells, and they occupy fully the basal tvo-tlurds 
o the cells Ducts from the glands, penetrating the stratum compaclum 
to open at the surface, are very few Vessels, many of them vith thickened 
walls and reduced lumma, are very numerous throughout all parts of the 
stratum spongiosum, and are very large, tortuous and numerous m Ihc sub- 
mucosa The surface of the stratum compactum, as in gioup a, is rendered 
conspicuous bj?^ the closely packed nuclei, and its superficial cells tend to be 
stratified Vessels much smaller m size than those of the str.itum spongiosum 
are numerous m the stratum compactum In tlie stratum s]iorigiosum the 
connective tissue tends to be concentrated loiind the glands, betnecn them it 
IS loose Where shrinkage has occurred during fixation the looser tissue beln ecu 
the glands has split The surface of the mucosa is vithout an epithelium as m 
all specimens in this group 


mucosa 


Gioup y Ovulating 

One whale only, SV102, forms this group The thickness ol the 
ranges from 7*0 to 10 0 mm , the mean being 8 o min', and of the slialimi 
compactum from 150 to 500/x, the mean being 313p, The surface of Ihc niiuosa 
IS in general smooth (PI 2, fig 5), but in many places it is finely vrmkkd 
(PI 1, fig 4) In the deeper parts of the stratum spongiosum the gkinds are 
numerous, closely packed and greatly convoluted, they arc from 00 to lOO/i in 
diameter They are mostly without lumina and arc filled vilh a mass of 
polyhedral cells, the outermost ones in places being columnar and Inn mg llu ir 
nuclei at about the middle of their long diameters so that clear t}doi)lasm fills 
them at their inner and outer ends In the more superficial parts of the slr.itum 
spongiosum the glands are less closely packed, smallci in diameter and Inn c 
clear lumina Here the epithelial lining is columnar, vith large micki lillmg 
the greater part of the cells The convolutions of these parts of the glands aic 
much less complex than in, the deeper parts, and in places they arc absent so 
that small lengths of straight duct are formed Few ducts can be seen actually 
opening on to the surface of the mucosa Large tortuous a csscIs arc iiimu roiis 
at all levels of the stratum spongiosum, and arc no larger or more plentiful in 
the submucosa The surface of the stratum compactum is eonspieiious from its 
more closely packed nuclei and absence of glands, only a few due ts traMrsmg 
It Its most striking feature, however, is a close nctv ork of e.ipillaric s engorgf d 
with blood corpuscles at its extreme outer surface, vith no tissue other than 
the walls of the capillaries inten^ening betveen the lumina of the capillaras 
and the uterus (PI 2, figs 6,7) Many of the capillaries arc so supcrfieiall> 
placed that they bulge into the uterine lumen and appuir ^ 
surface of the mucosa The capillary vails are everj vhcre intaet and r ovhtn 
is there any sign of spontaneous rupture Shghth larger a essels nin through 
ihe stetum compactum to suppb tap, lianas, but that arc not 
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numerous The majontj of the cells of the stratum compactum ha\ e fusiform 
nuclei and tend to be arranged in a stratified manner ith the long a\.es of the 
nuclei parallel to the surface of the mucosa There is no epithehum boundmg 
the surface of the mucosa The connective tissue of the stratum spongiosimi is 
extremelj" loose, the cells are concentrated round the glands and the spaces 
between them are occupied M scattered cells and fibres, from this condition 
the inference is draivn that the mucosa vas oedematous 

Group S Whales in early pregnancy 

The mucosa ranges in thickness from 10 to 11 0 mm , the mean being 
4 0 mm , the stratum compactum from 130 to 580 p., the mean being 295 p, 
There is n considerable range of variation in the condition of the mucosa and 
glands Two examples selected from this group are therefore descnbed 

In the mucosa of the pregnant cornu of SV 89 (PI 2 fig 8) the glands are 
closely packed and measure from 80 to 100 /x in diameter Most of them are 
entirety filled mth a loose mass of cells, a condition perliaps due to post- 
mortem histolysis, for the cells boundmg the lumen are for the greater part 
columnar and in many places shov a tendency to break an ay into it The parts 
of the glands occupying a layer about 500 /x thick immediately beneath the 
stratum compactum differ conspicuously They are verj^ closely packed, leaving 
little connective tissue betv een adjacent glands, and are larger m size measuring 
100-120 p in diameter Their lumina, too, are lined with ver}’^ taU columnar cells 
and filled vnth a mass of loosely packed cells -vshich appear to be columnar cells 
displaced by post-mortem changes Large thin-v ailed \essels are numerous 
throughout the stratum sjiongiosura and in the submucosa Ver\ large vessels 
are also present among the layers of the muscular coats The surface of the 
stratum compactum is smooth, and in transverse section appears as deeply 
incised v here, here and there, mcipient crypts are in course of formation (PI 2, 
fig 9) The boundaries of the lumma of the incipient crypts passing through 
the stratum compactum are uneven, presenting an irregularly serrate outline 
in both transverse and longitudinal section The crj'pts foUou tortuous courses, 
so that in sections vertical to the surface of the mucosa the\ are seen to be cut 
transversely, obliquely and longitudinally The cells of the stratum compactum 
are concentrated in the superficial layer and round the cr3q)ts Manv capillaries 
he on the surface of the mucosa, on which there is no epithelium 

In the pregnant cornu of SV472 (PI 3, fig 10) the glands are less closclv 
packed and are embedded in a rather loose connective tissue stroma, thej are 
50-80g in diameter Thej' are lined with tall columnar epithelium and have 
small or no lumina Immediatelj below the stratum compactum thej' arc 
larger, from SO to 160 p in diameter, lined with a similar epithehum and have 
conspicuous lumina Vessels both large and small arc numerous in the stratum 
spongiosum The surface of the stratum compactum is deeplv cut up bv narrow 
depressions which arc crvpts in the course of formation Manv of these 
depressions are branched and irregular in outline, so that the tissues mter- 
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vemng between are seen as irregularly lobiilatecl processes Small ^cssck arc 
jily abundant in the stratum compactum, the suiface of Ailuch is cohered 
with a network of capillaries extending to the bottom of the depressions The 
capillaries, evei 3 Tirhere intact, bulge above the surlacc of the mucosa into tlie 
u erine lumen The cells in the superficial parts of the stratum compactum arc 
more closely packed than m the deeper ones There is no surface epithelium 

Ghoup e Whales in nml-pi cgnancy 

The mucosa ranges from 2 0 to 7 0 mm in thickness the mean being 3 1 nun , 
and the stratum compactum from 90 to 700 /li, u ith a mean of 255^ The surface 
of the mucosa is much cut up by the openings of the crypts, so that nregiilarly 
lobulated pi ocesses aie left betueen them 

In the piegnant eornu of SV164 (PI 3, fig 11) the glands in tlic dce])ci pails 
of the stratum spongiosum are closely packed and fiom 40 to SO/i m diameter, 
the mean being 60/a They have small luimna lined vitli tall colmiinai epi- 
thelium, but in many places the liimina are filled vith loose cells and the 
epithelium is irregular, apparently as a result of post-mortem changes 'J'here 
aie some large vessels and numerous small ones in this jiai t of the mucosa In 
the part of the stratum spongiosum iminediatclj" undcrljuig the slr.itiim 
compactum the glands arc much larger, measuring G0-17()/i in elinmclci and 
having large lumina lined with tall coluninai cells I\Iany ol the luniiiia contain 
some cellular debris Comparative!)’’ laigc vessels as veil as sm.ill ones aie 
numerous at this level The stratum compactum is loimcd of r.ithci loose 
connective tissue slightly more condensed just beneath its sinfacc At its basi , 
immediately supeificial to the large glands of the stratum spongiosum just 
described, the gland ducts, 200 and more in diameter, pursue a tortuous 
course, here and there passing tlirough the thickness ol the stratum com- 
pactum to open into the uterine lumen at the bottom oi a cr) pt 'J he duets an 
lined ivith columnar epithelium which has in most pkiccs become dclaclu d 
from the wall so that the cells he disordeicd m the lumina of the ducts 'flu 
crypts are iiregular in outline both in longitudinal and trans\ erse sccticiii, and 
the tissue between has proliferated so that they arc separated b) lobiilalcd and 
branching processes of some complexity There arc many icsscls of imdium 
size in the stratum compactum, ahd a number of very conspicuous largt oms 
with thin walls which extend in places quite to the surf.icc I’lic vhoh of tin 
outer surface of the mucosa, including the ramifications of the liraiiclud 
processes, is covered with a superficial nctvork of capillaries (PI 3 ig P-') 
Similar capillaries m rather smaller quantity surround the ducts in the (kcj.cr 
layers of the stratum eompactum and he .mmcchalelj belon the t„lu,,m..r 
epiUieltum The surface of the mucosa bountl.ng 

epithelium The conditions in the Sterile cornu of S\ 24/ (II , « 

veiy similar 
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Group C Whales m later pregnancy 

The mucosa ranges m thickness from 1 5 to 8 mm , the mean being 3 7 mm , 
and the stratum compactum from 200 to 1000/i, the mean being 263p The 
most conspicuous character of the mucosa in this group is the lugh degree of 
comple\it\ attained b}’’ the branchmg processes of the surface between the 
crypts In transsersc section of the mucosa these processes appear in some 
examples as extremeh complicated dendritic structures Several specimens 
from this group mil be described because there is considerable dn ersitj in the 
conditions found, ranging from those little altered from the state of the mucosa 
m the last group to the greatest degree of complexit\ of the dendritic processes 
and a high degree of aetn itv of the glands 

In the pregnant cornu of SV44 (PI 3, fig 14) the glands of the deeper part 
of the stratum spongiosum are from 40 to 60g in diameter and are completely 
filled with cells The outermost cells form a la\er of columnar epithelium, and 
the cells filling the lumen are probablj debris resulting from post-mortem 
changes In the superficial part of the stratum spongiosum immediately below 
the stratum compactum the glands are larger, from 80 to 120 p in diameter, 
and are lined by a ver}" tall columnar epithelium with the nuclei towards the 
bases of the cells The small luinina are filled with loose cells Vessels are 
numerous tliroughout the mucosa, but are largest in the stratum compactum 
and the immediately subjacent part of the stratum spongiosum The ducts of 
the glands follow a tortuous course tlirough the stratum compactum and open 
into the cr3pts between the lobulated processes extending into the uterine 
lumen as in the last group The connective tissue cells of the stratum com- 
pactum are concentrated in the lajer immediatelj below the free surface and 
around the ducts The free surface of the mucosa and the lumina of the ducts 
are cov ered bj^ a network of capillaries Here and there traces of a cubical to 
flattened epithelium remain on the surface of the mucosa betw een the branched 
processes 

In the sterile cornu of SV46 (PI 4, fig 15) the glands are x erj closeh packed 
tliroughout the stratum spongiosum In the deeper parts thej"^ are 40-60 in 
diameter and hav c conspicuous lunnna Thev are lined bv columnar epithelium 
with the nuclei at the bases of the cells Alore superficiallj the glands are 
CO-aO/i or more m diameter and have small lumina, because the epithelium 
consists of V erj tall column ir cells with nuclei about one-third of the distance 
from the bases The surface of the mucosa is cox ered wath dendritic processes 
of xcr} complex outline The processes are derived not onlx bx proliferation 
of the tissue forming them, but also bx’^ the enlargement and coalescence of the 
crxphs cutting down into the stratum compactum As a consequence the 
stratum compactum apart from the dendritic processes is greatlx reduced in 
thicknes^, the glands at the limit of the stratum compactum abutting almost 
directlx on the bases of the processes and the bottoms of the crxqits between 
them A number of vessels larger than those of the strxtum spongiosum occur 
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In the pregnant cornu of SV40 (PI 4, fig 16) the glands all hate con- 
spicuous liimma, the larger ones filled with a coagulum The deeper glands arc 
60 80p in diameter, the most superficial ones 60-200p All arc lined by coUnnnar 
epithelium which is nowhere particularly tall There are some very largo vessels 
in the stratum spongiosum and many smaller ones m the stratum compncLurn 
and in the dendritic processes The processes are partly covered b} a /lattciicd 
epithelium beneath and between the cells of which the capillary uetnork 
ramifies Some of the processes are invaded by large numbers of leucocytes 
In the sterile cornu of SV48 (PI 4, fig 17) all the glands have conspicuous 
lumina, the deeper ones being 80— lOOp in diameter, the more superficial ones 
100— 250/i They are lined with columnar cells with the nuclei near the basts, 


the cells of the more superficial glands being taller than those of the dcejicr 
The glands are closely packed, there being little connective tissue belvccn 
them In this specimen the dendritic processes reach their greatest coiujiIcmI}’’, 
blanching and rebranching many tunes to form a mass of small tvigs MMh 
this great proliferation of the processes the crypts become so deep that flu 
stratum compactum is practically non-c\istent as a separate layer beneath 
thern The mam trunks of the piocesscs contain comparatively large vessels, 
but the smaller twigs consist of a tenuous coic of conncctn c tissue supporting 
a close network of capillaiies which is covered in places by a thin cjutlicliuin 
The Capillaries and vessels Avith their contained blood form by far the greater 
part of the bulk of all but the mam trunks of the processes 


Ghoupi] Laclating 

In this group the mucosa ranges from 0 5 to 4 0 mm , the mean being 2 1 mm , 
and the stratum compactum from 50 to 250p, vith a mean of IGS/i The 
dendritic processes are reduced or completely absent, and the cr\pts remain 
as only a few comparatively shallow depressions interrupting the smooth 
surface of the mucosa 

SV245 was lactatmg freely, and the following conditions were found in the 
cornu on the side opposite to the ovary with the largest corjius albicans, 
presumably the one that had been sterile (PI 4, fig 18) The glands of the 
deeper parts of the mucosa are 40-50p m diameter, and in a narrov supcrfic i.il 
layer immediately beneath the stratum compactum 50-80 p The} arc hiud b\ 
narrow columnar cells andhavev er> smallornolununa The stratum spongiosum 
contains many very large thick-w ailed vessels which follow tortuous courses 
through It The stratum compactum contains a number of suml.ir thoiig i 
smaUer vessels The connective tissue cells of this laser arc concentra cc 
immediately beneath the free surfaec, and at mtervaK tins eontcnlral. m of 
cells extends downwards into the stratum compactum as a 
strands give the appearance of having been formed lij the elosurc of the err pis 
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between tlie bases of the formerly existing dendritic processes The sides of the 
crypts appear to come into apposition and to fuse the resulting band of closelj 
packed cells being subsequently A\nthdrami to the surface There is no superficial 
netu ork of capillaries, and the surface is in places clothed -mth a thin cubical 
or flattened epithelium 

SV 127 uas lactating slightly, and in the presumed sterile side the follomng 
conditions ere found (PI 4, fig 19) Involution has gone further than m the 
last specimen, though the surface of the mucosa still possesses large remains of 
the dendritic processes The large i essels with thick walls are reduced in size, 
and the glands are few and small being only from 20 to 40p, in diameter mth 
no visible lumina The glands of the superficial part of the stratum spongiosum 
are not noticeably larger than those of the deeper part The stratum compactum 
contains feu vessels, and the cells are concentrated near the surface mth no 
overhung capillary network .There are m places patches of lou cubical 
epithelium on the surface of the mucosa 

The Humpback Whale 

The single Humpback uhale 14 45 m long corresponded with the mid- 
pregnant group of Fm and Blue u hales, although it contained a male foetus 
onlj 0 534 m long Omng to the smaller size of this species the dn ision of the 
stages of pregnane}'' u ould obviously need to be based on a different scale of 
foetus length from that used for the larger species The ovaries contained one 
corpus luteum and four corpora albicantia, the mammar} gland was 7 0 cm 
thick and involuted 

The mucosa of the pregnant cornu is 10 0-11 0 mm thick, and the surface 
is already covered with small dendritic processes The stratum compactum 
IS 250-300fi thick, and contains a number of irregularly shaped incipient 
crs'pts that are beginning to produce the dendritic processes by cutting up 
the stratum compactum The glands of the superficial part of the stratum 
spongiosum are 50-120/i m diameter, closely packed and lined bj tall columnar 
cells, their lumina are almost entirely filled mth loose cells In the deeper part 
of the stratum spongiosum the glands are 30-50 p in diameter, lined vith 
columnar cells, and have small lumina Large vessels are plentiful in the 
deeper parts of the stratum spongiosum and less numerous in the more 
superficial parts where, howceer, thej occur right up to the boundarj' of the 
stratum compactum 

In the non-prcgnant cornu the mucosa is 5 0 mm thick and the surface is 
much smoother, the processes being fewer, smaller and sparselj lobulated but 
not dendritic The stratum compactum is 200-300p thick and contains few 
ducts The gl inds of the superficial and deeper laj ers of the stratum spongiosum 
arc not eoiis]iicuously different from each other In both laa ers their diameters 
range from 40 to 50^, the\ arc lined with small columnar cells and haac small 
lumin i All the glands of this cornu resemble those of the deeper parts onla of 
the slraluni spongiosum in the pregn int cornu, there being no enlarged 
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THE CYCLE OP CHANGES IN THE MUCOSA 
The changes in the nterme mucosa during the cycle from adolescence thioim], 
oestrus, pregnancy and lactation to anoestrus compnse altciat.ons m the 
thickness of the mucosa and its component strata, in the si/C and abundance 
of glands and vessels, and m the eharactei of its free surface In all these points 
there is considerable variation between the individuals of each gioup but the 
variations between the aveiages of each group arc much moie pronnneni 
The total thickness of the mucosa (Text-fig 1) is least m nmnatmc v hales, 
and rather more than tv ice as thick in adult anoestrous annuals At oi 
immediately after ovulation there is a striking incicase in thickness vlneh 
becomes nearly tliree-and-a-half times greater than m the anoestrous .uhill 
This increase is presumably the iirogestational piohferation biotighi about bv 
the influence of piogesterone produced m the newly formed corpus lutcuni 



Text fig 1 Mean thickness in mm of the mucosa m the ditTcrcnt groups 


After ovulation there is a decrease in the thickness of the mucosa vlueh, 
however, remains thicker than during anoestrus The thickness is greatest in 
early pregnancy and thereafter is less The figures from the present senes 
of specimens show the mucosa to be thinner during the middle ]iart of 
pregnancy than in early or later pregnancy This appeal <inee is jirobablv due 
to the smallness of the number of whales assigned to the iniddk-prcgiminy 
group, a larger series would probably show a steady gradual dedine in thiek- 
ness of the mucosa from early to later pregnancy, the difference betveen the 
figures for the middle-pregnancy group and those for the others in the present 
senes being small After the birth of the young, but during laet.ition. the 
thickness of the mucosa leturns to a value not signifieantlj different from that 
in anoestrous whales 

The thickness of the stratum compactum hkcv ise undergoes a ej elic inerc.isc 
and decrease (Text-fig 2) It is greatest during progestational prol.hrat.on, 
but the increased thickness gamed during this part of the ejcle is not lost so 
rapidly during pregnancy as the increased thickness of the mucosa as a v hole 
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There is a steadj but slight decline in the figures from ovulation to later 
pregnanc-\ but it is not great, and is not proportional to the decrease in the 
thickness of the mucosa as a -whole This retention of the greater part of the 
increased thickness gained during progestational proliferation is probabh to 
be correlated -wuth the production of the complicated dendritic processes on the 
trabeculae betw een the crypts characteristic of later pregnancj 
The diameter of the glands passes through a regular series of changes during 
the c-\ cle In the immature animal they are smallest, and in anoestrous adults 



Test Fig 2 Mem thickness in nucrons of the stmtum compaotum 



Te-^t-fig 3 Mean diameter m microns of the deeper glands 


thc\ are about one third greater in diameter During progestational prolifera- 
tion the^ arc grcath increased in si7c but are slightlj reduced again in earh 
prcgnanc^ During the course of pregnanes thej increase again to reach their 
gre itest size during the cvcle in later pregnanes w hen the ers pts and dendritic 
jiroccsscs too are at their maximum Two peaks are thus produced in the ciir\ e 
showing those changes graplucalh (Text-fig 3) After parturition there is 
a reduction m the diameters of the glands but complete ms ohition to the Ic\ cl 
found at anoestrus is apparenth not quickh attained, for the figures from 
I ictating whales in the present senes show gland diameters not grcath less 
than tliose of cirh prcgiianos The two peaks produced in the curse are 
Anatoms 82 1C 
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rather smaller tLT ^ stratum spongiosum ^hcre tl^o^ me m gtneml 

ratner smaller than in the moie superficial parts 

Text-fig 4 shows diagrammatieally the quantitative and quahtatn c cham^os 
during the cycle In immature whales both strata of the^nucosa aie C^i- 
p atively thin and the glands have very small or no luinina The glands, v luch 
are confined to the stratum spongiosum, are apjiarentljM cry much coiled and 
branched, because although many arc seen in transverse section fen, indeed 
are found to open on the surface The surface of the mucosa is consequcnllN’ 


Immature 
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Text fig 4 Diagram of tlic stnicturc of the mucosa m the flifTcrcnt groups 


smooth with only occasional depressions at the infrequent gl.iiid mouths 
Vessels are few and small In the anoestrous adult the imicos,i is omt fwu t 
as thick, but the stratum compactum is onlj about onc-and-<i-h<iIf tmus ns 
thick The glands also are about onc-and-a-half times greater in dianicttr llu 
increased size being in part due to the greater size of the lumen and in ji.irf 
to the greater size of the epithelial cells Vessels are larger and more nunurous 
especially at the base of the stratum spongiosum vhcrc m.un of them ha\e 
thick walls, being in parous animals the remains of the greatly hvjicrlropliKd 
vascularity of a prexnous pregnancy The surface of the mucosa is in gciu ral 
smooth with occasional depressions at the montlts of the glands \cr\ feu of 
which are seen crossing the stratum compactum As before, the glands musl 
be greatlv coiled and branched, for so man^ transa erse sec tions of f iu m lo l)( 
present and so few ducts to reach the surface 
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Immediatelj' after o'vailation, but before tiie blastocjst has reached the 
uterus, progestational proliferation causes a great hj’pertrophy of the mucosa 
and its contents The glands are numerous and closely packed, many haa mg 
lumina They are larger m the moresuperficial laa ers of the stratum spongiosum, 
but fea\ ducts cross the stratum compactum to open on the surface The 
surface is interrupted by many depressions, representing cra’pts m the course 
of formation, avhich become enlarged so that each depression appears m mana 
sections avhereas outlets to the uterine lumen appear m feaa The mucosa is 
highly a’^ascularized aaath large numbers of vessels both great and small, to such 
an extent that the a^ascularity ayas ausible to the naked eye and the uterus avas 
noted in the field as ‘a'ery congested’ The surface of the mucosa is ina'^ested 
aa ith a close netaa ork of capillaries ljung immediately beloaa the epithelial cells 
This capillary a^asculanzation of the surface is present tliroughout pregnanes 
and gives a a^ery striking and characteristic appearance to sections stained 
aaath Mallory’s triple stain 

In early pregnancj’- the mucosa is not as tluck and the glands are smaller 
m diameter The size of the a’-essels is also smaller although their number is 
still great Tortuous crypts of comparatively large diameter are now more 
numerous in the stratum compactum, and the surface of the mucosa is con- 
sidcrabl}^ incised by the depressions at their mouths The outline of the deeper 
parts of the crypts is irregularly serrate in transverse section, as also is that of 
the outer parts vhich appear as depressions on the surface of the mucosa In 
mid pregnancy this condition has progressed further, so that the surface of the 
mucos \ has taken on a very uneven texture and the tissue bctiv een the moutlas 
of the cr\’pts has proliferated to form a large number of branched lolnilatcd 
processes The diameter of the glands has again increased and many glands 
nov have easily visible lumina Vessels are as numerous and as large as m the 
last stage In later pregnancy the glands are very large and numerous and 
have large conspicuous lumina, many of them filled vath coagulum Vessels are 
now larger and more numerous than in previous stages The most conspicuous 
feature, hou ever, is the great degree of complexitj reached by the branched 
dendritic proc esses of the surface of the stratum compactum These nov greatly 
resemble foetal vilh of the placenta and they form trabeculae v itli v Inch the 
^ ilh intcrdigitatcd before the chorion w as separated from the mucos i The 
jirocesscs ha\ c a slender core of connective tissue m their main trunks, but the 
br inches consist of little beyond capillaries and epithelium The crj pts betv ecu 
the processes arc so deep that the stratum compactum has practicalh ceased 
to exist as a separate layer and is almost entirelj incorporated into the trunks 
of the processes In lactating -whales the regression of the mucosa has reduced 
it in thickness practically to that of uhales m anoestnis, and the stritiim 
conipactiim is again \ isiblc as a distinct lac er, but the surface still retains the 
remains of the regressing processes so that it presents an mice en outline in 
sections The glands, too, has e regressed to the si/c found m anoestnis and arc 
confined to the stntum siiongiosiim Vessels arc still numerous and 1 irgi but 
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many are nojv very thick-walled and m course of obliteration A continued 
decrease m the size of the vessels, and further obliteration of tlic remnants of 

the dendritic processes would shortly lead back to the condition tip, cal ol 
anoestrus M 


It should be mentioned that although the mucosa becomes highly vasculari/cd 
during pregnancy and there is produced beneath and among ihc surfaci 
epithelium a close netivork of capillaries engorged ii ith blood, there is m none 
of the specimens any indication of spontaneous extravasation of blood cither 
into the stroma of the mucosa or into the lumen of the uterus This, too, in 
material which is not in tlie best histological condition, vhere the snrrace 
epithelium is frequently missing, and signs of histohsis are evident in the 
deeper tissues 

There appears also to be no spontaneous loss of epithelium, foi althoiigli it 
IS missing jn many of the specimens the abrupt solution of continmt\ of tlu 
epithelium of the gland ducts as thej approach the mouths points to the loss 
being due to post-mortem degenerative changes Such changes arc also almost 
certainly the cause of the large amounts of cellular debris to he scon in llu 
glands of many specimens It is noticeable that the p.trls of the glands in 
roughly the outer third of the stratum spongiosum ai c greater m dinmctir lli.in 
those of the inner two-thirds and are lined with cohinmar cjntheli.il ( ells ninth 
are considerably taller The glands are ver)' closely coiled not onh , no, evt n 
mainlj^j spirally but folded up on themselves m a succession of S tunes Tht 
complexity of their folding is sliomi by the great number of tr<insvtist!\ <nl 
glands that appear in a single section when comjiaicd uith the small immiKi 
of gland mouths that are seen The same fact indicates Ihc jnobabilily Unit 
they are extensively branched It is only during pregnancy, and esprti.dli 
during its later stages, that the ducts appear to be frequent liccaust th(\ .ut 
then enlarged and follow tortuous courses m the stratum compactiiin so that 
they, too, are cut in many places in a single section 

Where specimens are available from both the pregnant and ihc sterile cornu 
of the same whale a tendency is seen for the glands of ihc prcgn.uil rorim lo 
show greater activity than those of the sterile one On tlie other Ijnml, in niani 
specimens the dendritic processes of later pregnancy appeal to he eid, niori 
luxuriantly elaborated m the sterile cornu than in the jiregn.mt one i In 
reason for this is not clear, but it must be remembered tliat the f hononn sai 
of whales extends into the sterile cornu and fills it ns veil as the j, regnant out. 
so that the villi of the diffuse placenta are inserted into the erv()ls of boil, 
cornua The activity of the sterile cornu may therefore be quite as important 
as that of the pregnant one, and as the former is not distended b\ the jirt sem ( 
of the foetus the vilh and crypts are not subjected to so great a iiressnn nor 
the uterine wall to any considerable stretching But it is not desiralik to » 
too definite on the point because the specimens are small and represent onti 
a minute fraction of the entire mucosa m the sers large uteri, and tlu re ,s no 
mchcation of how representative of the wliolc the samples mai be 1 he e on- 
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ditions m the single Humpback uhalc examined agree uith these general 
conclusions as regards the activity of the glands in the pregnant cornu but do 
not agree in the state of the dendritic processes u Inch are larger in the pregnant 
than in the sterile cornu But this specimen corresponds at most to the 
niid-prcgnant group, and in later stages of pregnancy might have resembled 
the Blue and Fin u hales more closelj' 

DISCUSSION 

Tlic absence of the epithelium from the surface of the mucosa is a constant 
feature of all the i\ hales exammed, but it is not, m the opinion of the uTiter, 
a true representation of the conditions in life If the epithelium u ere absent 
only during pregnancy one might suppose that a process of denudation uas 
a part of the natural cj clic changes, and that the placenta, though diffuse, i\ as 
not trulj epitheho-chorial But m view of its constant absence in anoestrous, 
and even in immature, as well as pregnant n hales, one cannot escape the 
conclusion that the loss is a post-mortem change caused by a maceration of 
the tissues IMackintosh <k Wheeler (1929) find the same loss in the uteri of the 
u hales that they exammed, and state that the ‘ epithelium is rarely mtaet or er 
the surface’ All the figures m their plate shou the surface u ithout epithelium 
uluch IS present onl} in the gland moutlis, except m their Fig 2, uhcre a strip 
of epithelium lies m a fold of the mucosa from u lucb it has become detached 
In vieu of the fact that m some of the pregnant m hales of the present senes m 
uhich there is extreme proliferation of the dendritic processes of the mucosa 
the epithelium can be seen m places between the processes, it seems simplest 
to conclude that in life the epithelium is probabl}' intact or cr the r\ hole surface 
of the mucosa The details of the cycle of changes described above arc based on 
this assumption, and in particular the surface netrr ork of capillaries is assumed 
to be sub- and, to some extent, intra-epithehal from the conditions obtaining 
in those places r\ here patches of epithelium are present Mackintosh A Wheeler 
nierel} record the fact that the epithelium is absent and do not comment upon 
it, but their description seems to implr that ther consider its loss to be due to 
post-mortem change Certainly their figures gir e this impression Turner (1871 ) 
found in Orca and Wislocki (1933) found in Phocacna that the epithelium of the 
mucosa in apposition rrith the chorion is cverj'rshere present, the cells being 
cubical {Phocaena) or flattened {Orca) at the bottoms of the crj’pts and thin 
and flattened elseu here Turner found that the epithelium v as casilj lost w here 
the tissues uere disturbed and bebc^cd that this shoved that it vas lost 
spontaneously at a fairlj early stage, a suggestion not confirmed by 1 iter 
researches The conclusion that the epithelium though attenuated is retained 
IS confirined b\ the examination of a vcll-fixcd specimen of a Balacnopterid 
placenta, not part of the present senes, vhieh has recenth become aeailable 
for stud\ to the vriter and vhich vill be tlcscribed in a paper on the foetal 
nicnibrincs of Balacnopterid v hales now in preparation 

111 this connexion it is interesting to note that Hajaies A Laurie (1937) found 
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chorionic legion m the porpoise occurs among the present senes, in the iioipoise 
this legion IS described as having the chorionic vilh entirely absent oi stunted 
and the mucosa as insignificant m its proportions In spite of the coinplcM(> 
oi crypts and processes in the present senes the chorion has been separated 
loni the mucosa in all the specimens without apparent damage to the iiuitosa 
oi to the chorion, remnants of which aic not present as vould be cxpctlcd had 
damage occurred The loss of the epithelium Iroin the mucosa ol jiicgn.iut 
whales might be attributed to the forcible sepaiation vere it intact in the 
immature and non-pregnant adult whales, but in viev of its absence in the 
latter the loss must be ascribed to the same cause in the former 

Wislocki found that in the porpoise the tufted ehorionic villi arc apjilicd 
closely to the mucosa except at their distal ends* The spaces betneen the distal 
ends and the mucosa aie interpreted by this author as natur.il spaces into v Inch 
the glands pour embiyotrophic material The absence of the choiion in flic 
present series makes it impossible to knov Avhethei such spaces existed vlicn 
it was in position, but it is likely that they Avere present The glandular stratum 
spongiosum is very much deeper in all the present specimens Irom Ihdaeno- 
pterid whales than in the porpoise, in v Inch it appears to be c\ ci \ v hci c shallow , 
and in the amnio-chorionic region to be icduccd to an inconspu nous remnant 
In the Balaenopteiid Avhales the glands are obviously in a stitc ol acti\il> 
which IS greatly heightened in the later stages of pregnancy Thc) then ha\c 
laige lumma, especially in the outer third of the stratum spongiosum, and in 
the specimens they are filled with coagulum It is likely, tlicrcfore, that the 
glands produce an einbryotrophic material, and that it is secreted into sp.iccs 
between the chorion and mucosa at the bottom of those crypts into vliicli 
glands discharge 

WisIocki ( 1933 ) points out that the placenta ol the porjioisc is ipitliclio- 
choiial, but that the intcilocking ot the chorionic villi and the ciidomctiium 
IS much more complex than ui the soav lie concludes that at ji.irturition 
a separation of maternal and foetal tissue Avithout trauma is unlikely, cither 
the endometrium must be torn away to some degree or the chorionic \illi must 
be torn off and retained to a certain extent This conclusion is not conhiiiud 
by the Balaenopterid whales in the present series, Avherc m all the specimens 
fiom piegnant av hales the chorion has been stripped of! Asithout ajip.ucnt 
damage to the maternal tissues The condition of the inA olutmg mucosa in the 
lactatmg Avhales supports the vieAv that in these a\ hales damage docs not ocnir 
The post-partum mvolution of both the pregnant and tlic sterile cornua 
appears to take place by a resorption of the stroma and a decrease m the 
congestion AAuthout any necrosis or loss of blood or other tissues n car > 
lactation the processes of the trabeculae can still be rccogni/cd, although thev 
are much reduced m size and luxuriance and arc no longer dendritic 
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SUMMARY 

Specimens ol the uterine mucosa trom the sterile or pregnant cornua, or both 
from thirty-four antarctic hales ha\ e been e\aminecl Data about the state 
of the o\ aries, pregnancy if present, mammary glands and other points w ere 
correlated w ith the conditions found m the mucosa 
A M ell-marked cycle of changes from the immature state tlirough anocstrus, 
pregnancy and lactation back to anoestrus uas found The thickness of the 
mucosa increases greatly m the progestational proliferation immediatelj 
folloivmg o\-ulation and thereafter decreases durmg pregnane j, reaching the 
thickness characteristic of anoestrus durmg lactation The eU-marked stratum 
compactum likewnse increases greatlj m thickness immediatcl} after osmlation, 
but does not regress proportionately so quicklj as the mucosa considered as 
a whole The regression tow ards the anoestrous state takes place s erj gradualh 
during pregnancy and rapidly at its termination The as erage diameter of the 
glands in the mucosa mcreases sharply at os ulation and decreases somess hat 
during early and middle pregnancy to increase again to a maximum during 
later pregnancy ss hen the formation of erj-pts is at a maximum Regression 
m gland diameter is rapid during lactation but had not jet reached the 
iiwolutcd state characteristic of anoestrus in any of the lactatmg ss hales 
exammed 

Startmg ssnth progestational proliferation there is a great increase in con- 
gestion in the superficial capillaries of the mucosa The netssork of capillaries 
IS so closelj’’ des eloped that in middle and late pregnanes the entire surface 
of the endometrium is, m effect, cos ered ss ith a film of blood In spite of tins, 
no extras asation of blood either into the stroma or lumen of the uterus could 
be definitely recognized, and ssas not to be expected in suess of the epithelio- 
chornl nature of the placenta 

The glands are highlj' contorted and probablj also branched, so that in 
sections of the mucosa s^ertical to the surface thej are cut transs erselj a large 
number of times, and the stroma appears to be filled ssnth great numbers of 
glands The number of glands, hossever, is less than at first appears, for the 
number of gland mouths and of gland ducts crossing the stratum compactum 
IS comparatis elj’^ small After omlation erj^pts are formed as depressions m the 
surface of the mucosa This gn es the profile of the mucosa in sections i ertical 
to the surface an irregular serrated outline As pregnanc^ ad\ ances the stratum 
compactum is more and more iniaded bj the crjjits This cutting up of the 
surface of the mucosa, together with proliferation of the tissue intervening 
between the crvpts, gives the mucosa a spongj structure which appears m 
sections as a large number of much branched processes These arise from the 
trabeculae between the crjpits and project into the uterine lumen with a 
dendritic outline 1 he dendritic processes reach an extreme degree of complexit j 
during later pregnancj Gland ducts open at the bottom of some of the crj’jiks 
During lactation the processes rapidh regress, but their reniams could be 
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iccognized in the uteri oi all the lactatiiig whales examined The ic-ricssion 
takes place by a resorption and not by necrosis and suifacc denudation The 
capillary netwoik extends over the surface of the dendritic jiroccsscs vlmh 
m their final elaboration become branching fingers interdigitating uith the 
loetal vilh 

In all the specimens examined the epithelium bounding the mucosa vas 
generally absent, small patches here and there only being visible Reasons arc 
given for supposing that this condition is not a^ natural denudation but is 
bi ought about by post-mortem maceration, the processes of dcgenciatioii being 
favoured m dead whales by the insulation of the blubbci retaining the bocls 
heat after death 

The process of cij^pt formation is considered, and the conditions non louiid 
111 the Balaenopteiid whales aie compaied with those already knonn in the 
Odontoceti The distribution of the crypts appears to be moic nidcsjncad than 
/jn the latter, and the ciypts are little, if at all, smaller m the anmio-choiionit 
than 111 the allanto-chorionic region The stratum spongiosum is iclatnih 
thicker and richer in glands m the Balaenoptcrids, and the wide liimiim holding 
a coaguluni during later pregnancy favour the view that an cml)r3otiopiu( 
material is produced and secreted, piobably into spaces between choiion and 
mucosa in the bottoms of the crypts There is no indication in the present scrus 
that there is any damage to maternal or foetal placental tissues at pai lui il ion 
111 spite of the complicated interlocking ol villi and ujpts uhicli niiisl lUdii 
Post-paitum involution is lapid and appears- to be accomjihshcd without loss 
of mucosal tissue 
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EXPLWVTIOX OF PL VTES 

All section5 of muco 2 . lUort’^at^ arc ca ve’T: call’’ to stir^ici. 

Plate 1 

Fc 1 Mneo a of soTXiall\ irpmaturc Blue whale S\ -±7 •' 10 2, sho’nuT smooth surfa^ ''C 

«trattim compactum SS stratum spongjoTna. th- sland* «Tnall and with small lumma 
\ large \C5 el at base of muco a 

Fig 2 Mucosa of seTuaU\ immature Blue wlial<' S\ 2S0 17 2 showing eland mouths op^nm« on 

'mrface D mouth of gland Lmed bv epi helium «t’-attim compaouum stratum 
«pongio«um, some of the gLinds \nth lumma 

Fij 3 Muco.a of adult anoes^us Blue whal^ Cj\ 2*3 ^17 2 Th. 03 pa_s^ ^hrongh partsof 
two low ndges SC, stratum compactum s*Ta*'um spongio'um, the glands with small 
lamina 1 resseh 

Hg 4 3IacO'-a of onilatmg Pm whale '^V lu2 >■ li 5, '-ho’Tne erea*" thi'^kn*'- and folded surface 
GC , do elv packed glands m deeper part^ GL Ioo-d\ packed ^land*' m superficial parts 
SC stratum compactum with nu^'Ici clo^“h pad ' mI n»'cir -nr^ar^ and few elands pen tratmg 
to it from the stratum spongiosum stratum wpongio’um I ia’^e 

Plate 2 

Fig 5 Superficial part of miicosa of o'v*uJatm_ F/m^hale tsV Iu2 r 17 2 showmg comparatneh 
miooth surface SC, stratum compactum Sa stra am spongiu-um with loo^elv packed 
glands 

Fig 6 Superficial part of muco»a of o^mlatms I in whal *V lo2 17 2 'bowing folded surface 
With capillanes SC stratum compactum S* «tn.tain 'pongiooim with loo'dr packed 
glands T , \ es-els 

7 Strat um compactum of o\Tilatmg Ftn whale 1^2 ^ 72 o «howmg surface n^’twork of 
capillaries and losa of epithelium ^ capillari'* dist'=^nd‘=^d vn*-h blood ^ superficial gland 
of the stratum spongiosum A , concentration of nucl^’ Ix-lor sorfa'^ of stratum compactum 
1 , vessel supplviug capillanes 

I7g S ilucosa of pregnant cornu of Fm whalf* 69 *■ 17 2 bowing smooth surface and large 
do'dr packed glands filled with cells m the ^up^mci il p-rt < f ■‘hp’ stratum spongio um 
CH crvpts m course of formation miller j.lanfL. f de*^i>r la\cr= OL large glands 

filled with cells »SC, stratum compactum *5 6 -tratum ponmj um 

^1? 9 Surface of mucosa of pregnant cornu of £ m w 6*111 * j 2 ( V ■-niall cn ])ts op^u to 

the surface CBD oblique cnqit cut trun-^er large gland filled with celL in 

^Tiperficial part of stratum sponmoaum SC stratum compactum 

Plate 3 

Fi 2 10 Mucosa of pregnant comu of Fm whale 472 17 2 6 capiUanf-s CP, crvpt CPD 

obhque cr\pt cut trans\erM2h OL larger sup#^rficial gland with lumen smaller dc-ep 

gland With no lumen P, lohxilated proce » between mcipient crvpts SC "tratum compactum 
k, res els 

11 iIuco-,3 of pregnant cornu of Fm whale S\ 164 / 17 2 G gland op^nmg mto th^ bottom 
of a enpt GL larger superficial glands GS smaller deep glands P, lobulat^-d procc'. 
between cr\pts SC stratum compactum S6 stratum spongio um 

12 diucosa of pregnant cornu of Fm ifhale S\ 1G4 ^ 130 3 sLowum surface of branched 
process with capOlarv network C capiUarv distended with blood V larger ic- d 

13 ilucosa of sterile cornu of Blue whale 247, x 17 2 C capiUarv netwotiv CP cn.q>t 
KFanited from each other bv branched proce- ^s GB larger sup-rfiual ghncL Gb smaller 
tio^P tlands P, lobnlated process SC stratum compactum 

% U Mucosa of pregnant cornu of Blue whale SA 44 ^17 2 ‘=howm2 thclarge gland of the 

superficial layers of the stratum spongio um, and lobulat^d proof' f'- between the crwpt- 
The proce^ces are in a stage of formation intermediate between ^hown m H> and 11 
crypts m course of formation D tortuou-^ gl nd duct cro the stratum com]nctum 
to open into a cr\*pt P, lobulated procc-.^ SC, stratum compactum 
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Plate 4 

Pig 15 Mucosa ofstorilocomu of Blue \\lialcSV46, x 17 2 Gi.Inrgu superficial ghnds ‘uimllor 

deep glands P, branched dendritic process 5(7, stratum compactiini SS, stratum spon’gioMini 
V, vessel 

Fig 1C Mucosa of pregnant cornu of Fin whale SV40, x 17 2 GL, large suporficml glands u ith 
large lumina L, bases of some processes infiltrated with leucocytes SC, stratum comp ictum 

SS, stratum spongiosum 

Fig 17 hlucosa of sterile cornu of Bhiejwhnle SV4S, x 17 2, showing e\tremc proliferation of (lie 
dendritic processes OL, largo superficial glands with very large luniina SC, stratum eom 
p vetum nearly completely mcluded m the dendritic processes by the extension of the cr\ pts 
to its base V, vessel 

Fig 18 Mucosa from the cornu which had probably been sterile in freely lactatmg Blue wliah 
SV 245, X 17 2 GL, glands of superficial parts now much reduced m size GS, smaller glands 
of deeper layers greatly reduced N, nuclei concentrated at surface of stratum compaclum 
SC, stratum compactum with no surface capillary network' SS, stratum spongiosum 

ST, strand representmg partly obliterated crypt V, vessels with thick w alls some m course 
of obhteration 

Fig 19 Mucosa from presumed formerly stenle cornu in slightly laotating Blue whale S\'127, 
X 17 2 G, glands now few and small P, remnants of dendritic processes between reduced 
crypts SC, stratum compactum V, thick-availed vessels m course of obliteration 
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THE LOCAL ACTION OP THE PAEATHYPvOTD 
AND OTHER TISSUES ON BONE IN 
INTRACEREBRAL GRAFTS 

Bv N A BARNICOT, Umverstiy College, London 
INTRODUCTION 

The conception that the parathATOid hormone acts drrectlv upon the skeleton 
bv stimulating osteoclastic resorption has not passed unchallenged As a result 
of studies such as those of Albright & Ellsworth (1929) and Hamson & Harrison 
(1941) on changes in the rate of excretion of calcium and phosphate soon after 
parathjToid extract admmistration, and of the effect of these extracts on the 
serum calcium and phosphate in nephrectomized animals, by Neufeld & Colhp 
(1942), some n orkers have ad\ anced the view that the hormone has a pnman* 
action on the phosphate threshold of the kidney , and that bone resorption is 
a secondarj effect mediated by changes m the calcium-phosphate equilibrium 
in the plasma Although later vork b\ Selve (1942), Ingalls, Donaldson 
&. Albright (1943), and others, has shown that there is histological evidence 
of osteoclastic resorption' even in neplirectomized animals treated until para- 
thiToid extract, the experiments described here provide more direct additional 
eudence of the local action of the hormone on the skeleton Nei ertheless, the\ 
do not exclude the possibility that the hormone affects the kidney also and 
this action mav still be the most important in the intact normal animal 
It seemed possible that if parath\"roid glands were brought into close contact 
uitli bony tissue the local concentration of hormone might be sufficienth high 
to produce resorption of the immediately adjacent bone Small pieces of the 
parietal bone of 10-day-oId mice uere used, and glands from the same animal 
Were attached to their endocranial surface with plasma clot The combined 
graft uas then inserted into the cerebral hemisphere or meninges of a litter- 
mate Tlie advantage of this procedure is that the soft-tissue graft is main- 
tained in very close contact until the osteogenic la\cr of a fairh uniformly 
thin and solid piece of bone Any change in the degree of deposition or resorption 
, b\ this la-ser m the vicinity of the gland should then be clearh evident b\ 
comparison uith the regions on either side It uould be less satisfactorv to 
graft the gland to some exposed bone surface in the intact animal, because 
inten enmg connective tissue would prevent such close contact, moreoa er, the 
'CD small soft-tissue grafts uould be difficult to locate at the end of the 
experiment, and u ould be more liable to mechanical disturbance than the\ arc 
"hen hmg protected uithin the cranial caxity If the paratlnmoid or some 
other tissue is grafted m this uay, and a reaction of the adjacent bone is 
obsen ed, this cannot be attributed to an indirect mechanism ms oh mg a change 
m the nctn it\ of some distant organ It is possible that the grift in addition 
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cxeits some systemic effect which may play a part in conditioning the response 
the grafted bone, but some purely local action must also be opcmtii c II 
does not follow, of course, from the cMdence provided by this tspc of experi- 
ment alone, that the grafted soft tissue exerts a loc,il clTcct oii the bone In 
means of a specific secretion, or tliat its action is one which is sigiuneaut m (be 
normal physiological i egulation of theskeleton It will be sliov n that ]iin t leulai 1\ 
as legal ds bone deposition, the interpretation of the results maybe comiihcattd 
by non-specific degenerative changes 


MATERIAL AND METHODS 

Tissues for grafting were removed from 8- to lO-dav-old mice and impiunfed 
m the cerebral hemisphere of the httcr-mates In the coiiise of the uoik, 
animals from several strains have been used, these include normal ami mntanl 
animals from an inbred and also a recentlj'^ outcrossed grejMethal stock fiom 
an inbred C57 black stock, and also from an albmo stock of doubtful genetic 
purity In addition, a number of rats from a retinitis pigmentosa stiam vcic 
emplo3''ed The number of experiments is too small to allow anj conclusions 
regarding the effect of genetic homogeneity on the success of the grafls 
Aseptic precautions were observed tliroughout For paratlnwoid grafts the 
larjmx and attached thyroids were removed to 0 0 % saline The thyroid lolics 
were detached and examined under the binocular dissecting-inicioscopc, using 
reflected light and a black background the paratlnroids can iisiuilh be 
detected as somewhat wdiitei, more compact bodies, lying partially embedded 
in the lateral aspect of the lateral lobes of the thyroid i.itlicr nearer to tlii 
superior pole In pigmented strains they arc sometimes lelcntifiablc b\ a I.iigc 
branching pigment cell Thej’’ can be removed with needles, and mmli ol (lie 
adherent thyroid dissected asvay To prepare the bone grafts, the skull mol 
of the same animal was removed with scissors into 0 0% saline, and pieces 


about 3-4 mm square were cut from the parietal These were laid with then 
concave or endocranial surfaces uppermost m small clro])s of saline, the para- 
thyroid was then transfeired to the centre of a bone fragnitnl, the e xe ess saline 
drained away and fowd or mouse plasma rapidlj placed on the graft Clollmg 
geneiallj’^ occurred ivithout addition of tissue extracts In later cxpciiments 
dried human fibrinogen and tluombin, with the addition of pcnifillm, wtrt 
used with excellent results A litter-matc, from which the scalp hair had ber ii 
clipped and the scalp sterilized with tincture of iodine, was anaosthcti/cd witli 
ether The skull roof was exposed by a median incision, the skin rcfrai ted, and 
a small rectangular hole cut with scissors m the posterior end of the It ft pai it t.il 
A piece of the protruding brain tissue was excised with the scalpel and t u 
erraft, held at its edge in fine forceps, was inserted through the hole and pushtd 
foiward below the host parietal The skm wound was sealed witli tollod.on 
and the host animal was returned to the mother when siinicicnt \ ret me 
move actively The hosts w^ere killed 10-14 dai s later, .uul the J ‘ 
spheres of the g. aft side, together w ith the skull roof w ore ext ist d w it li .i r i 
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blade and fixed for 24 fir in Zenker + 3 % glacial acetic acid, ’\\hich both fixed 
and decalcified the material The specimens -n ere infiltrated and embedded m 
celloidin, and the celloidm blocks were then infiltrated mth paraffin ax, and 
cut scnallj through the graft region at 8-10// Some sections \\ere stained 
i\ith Masson’s triple stain, but for the majoritj haematoxjhn and Orange 
G-Er^ throsin as used 

(1) Normal ‘parathyroid and hone grafts into normal hosts 

The folloAving account is based on twelve mouse and four rat grafts m which 
the grafted tissues were located in sections and found to have sun n ed In 
addition, two specimens were prepared as alizarin transparencies and sub- 
sequently maeerated and exammed dry in order to obtain a better overall a lew 
of the bone structure of the grafts (PI 1, figs 1, 2) 

In all of the eighteen specimens there is evidence of osteoclastic resorption of 
the bone graft in the neighbourhood of the parathjToid, although the magnitude 
of the effect a'aries considerably In tw elve specimens the graft bone is actualh 
perforated The position of the grafts was bv no means constant, some laa 
largely embedded in brain tissue, sometimes close to the lateral a entricle 
otliers rested in the meninges immediately below the host calamrium The 
posterior end of the bone graft often lay m the scar tissue a\hich filled the hole 
in the host parietal 

It IS cona’-enient to desenbe the results in several groups, each comprising 
specimens similar in their histological appearance The first group, illustrated 
bj Text-fig 1 and PI 1, figs 1, 3 and 4, includes fia^e mouse and one rat graft 
In PI 1, fig 3, the graft lies in the meninges and in PI l,fig 4 is embedded more 
deeply in brain tissue Characteristically, the parathjToid is m good condition, 
without evidence of degeneration The gland is judged to be at least as large 
as that of an unoperated animal of this age and consists of cords of basophilic 
cells separated by capillaries, a varying amount of residual tlnTOid tissue is 
found adhering to it In this batch of material jthe gland lies surrounded b^ 
a loose connective tissue in w hich the ratio of fibrobl/ists to fibres is high and 
nincrophagcs or other inflammatorj’^ cells are infrequent The fibroblasts and 
the fine collagen fibres which are best seen m Masson-staincd sections hue 
a predominantlj radial arrangement around the gland 

The region of the bone graft adjacent to the parathjToid is not perforated, 
or only incompletely so, but consists of a thin layer of reticulate bone, w Inch 
stands in contrast to the thicker, more compact and often more strongh 
staining bone on either side (Text-fig 1 , PI 1, figs 3, 4 and 6) This zone of 
reticulate bone tends to form a semicircle around the gland, the radius of 
cur\ ature of w Inch is often less tlian that of the original bone implant \.s seen 
in the macerated specimen (PI 1, fig 1) it therefore appears as a circumscribed 
rounded projection on the convex aspect of the graft bone Its surface nearest 
to the jiarathj roid, that is the original endocranial surface is lined with 
numerous osteoclasts In some specimens (PI 1, fig 0) one finds some of these 




Text fig 5 

Text figs 1-4 Projection drawings Bone deposited on the graft after implantation is inarki d in 
black, the original graft bone is white All the specimens arc from grafts of normal tissiir s 
into normal hosts Text fig 1 ParathtToid graft Complete destruction of the original grafl 
bone opposite the gland, and formation of new bone Some tluToid ttsnlcs adlnrint to 
parathyroid At the sides, the thickest nen bone deposition is on the conca\c aspect of flu 
graft Magn x94 Text fig 2 ParathjToid graft using rat material The bom grift is 
extensix^elj' perforated JIagn x 54 Text fig 3 Pitiiitarv graft Anterior lobe tissiu Tlu n 
IS fairlj uniform deposition of neii bone ox er the coneax e aspt tt of the bone gr ift ttagii / 0 1 
Text fig 4 ThjTOid graft There is considerable, uniform depo-iition of spoiigx m u bom 
oxer the bone graft surface Txxo detached bone nodules arc probablx ousifud niirntic 
tissue, and the left hand one contains granular material 'Nlagn / 04 Ti xt (ig '> tdri iial 
graft The area of the bone graft against xxhich the necrotic adrenal lies shous nodipovit 
of nexx bone in contrast to the thickened area to one suit Magn x 04 


Action of the pamthyioid on hone m intracei ebral grafts 237 

osteoclasts onentated at right angles to the bone surface in conformity mth 
the general direction of fibroblasts, and individual cells are sometimes seen, 
vhicli might veil be transitional between mesenehjmial cells and osteoclasts 
On the opposite or convex side of the reticulate bone is a layer of large, 
quadrangular, basophilic osteoblasts It appears that the bone graft is being 
activelv eroded on its concave surface while new bone is being deposited on its 
convex side Whether or not actual perforation occurs will evidently depend 
on the balance between these two processes 

The contrast between the bone of the eroded zone and that on either side is 
rather sharp The contrast in thickness is, however, exaggerated bj'' the 
occurrence of new bone deposition, particularly on the concave surface of the 
graft m the peripheral regions around the parathyroid It is usually possible 
to distinguish the original bone graft by the cement-lines w Inch demarcate it 
from this secondary deposit The original graft appears as a uniform, solid 
sheet, the osteocytes of which are commonly dead In some cases its surface 
appears to have been partly eroded prior to the deposition of new bone on it 
It IS important to rely more on a detailed study of the histologj’’ to distmguish 
new from original bone, than on measurements of thickness, because the grafts 
may be cut somew hat obliquely if they lie embedded in brain tissue, and because 
the parietal fragments w'ere not always from exactly the same region and the 
structure and thickness of this bone is not uniform throughout its extent, as 
showm by Bamicot (1947) JIany grafts also show new bone deposition along 
the entire convex surface, but this bone is thin and compact, whereas that on 
the concave surface is often spongj*^ and much thicker (Text-fig 1) 

The second group of six specimens, three of them from rats, is illustrated in 
Text-fig 2 and PI 1, figs 2, 5, and show's complete perforation of the bone 
graft opposite the paratliiwoid The hole is often extensive and exceeds the 
diameter of the gland It is closed by a fibrous membrane in which osteoclasts 
can sometimes be found even in the absence of bone spicules The edges of the 
hole are usuallv quite sharp, and a few osteoclasts occur in this position The 
parathyroid is free from degenerative change, but is often more compact in 
structure, and is surrounded by a more densely fibrous connective tissue than 
those in the first group described above In two cases the gland is pressed 
between the fibrous membrane and overhung brain tissue This group of grafts 
gives the impression that the activity of the resorptive process has reached 
a climax and died down, with accompanying fibrosis and perhaps diminished 
a aseularity 

The remaining grafts present certain peculiarities wluch may be briefly 
described 

Tw'o of them show parathawoids invohed in a necrotic process (PI 1, fig 7) 
and the liaung parathjToid tissue remains as only a few strands lymg in a rather 
dense connective tissue hfea'ertheless, there is perforation of the adjacent bone 
and large osteoclasts on its concaam surface adjacent to the gland In one 
specimen, oa crlaung necrotic brain tissue shows giant cells on its deep surface, 
Anatomj 82 17 
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and It IS interesting to note the similarity of these to the osteoelasts on tl,c 
nearby surface of the bone graft It is impossible to say hoM far the obscn tcl 
bone resorption was accomplished jirior to the partial necrosis of the nlaiul 
but considering the relatively small amount of new bone dejiosition cither m 
the eroded zone or elsewhere, it is hkel} that the grafts nci^cr passed through 
an active phase compaiable to gioup I specimens It is, therefore, vorUi 
noting what small fragments of parathyroid tissue can produce resorjition, 
even when the condition of the giaft is poor and necrosis widespread 

Theie aie three specimens in which, although the parath^Toids arc large and 
free from necrotic change, the adjacent bone shows only conipaiativch sliglit 
resorption and only a few’’ osteoclasts In one of these the paiathyroid lies in 
rather dense connective tissue below^ the hole in the host skull, while iii another 
it is unusually closely surrounded by brain tissue In the thud the well- 
preserved parathyroid is embedded in a large fragment of thyroid The int ention 
had been to giaft thjnoid only, and the parathyroid w’as innd\ ei tently included 
Although the parathyroid lies quite close to the bone surface, the original giaft 
bone IS jwobably scarcely resorbed at all, and the osteoclasts, although locah/ed 
in tins position, are few m number 

Three grafts, one of which is illustrated in PI 1, fig 8, w'ere examined 2 da\ s 
after implantation The graft bone is thin, and its surfaces only slightl} cioded 
It IS much buckled and distorted, and lies among blood clot and fragments of 
mjuied brain tissue On its concave suiface the layei of osteoblasts is seen to 
be more or less disorganized, 'and mesenchymal cells arc growung out into the 
fibrin clot as if in tissue culture No osteoclasts are to be found, and many of 
the osteocytes are dead In tw'o cases the parathyroid was located and show ed 
evidence of degeneiative change Some of the nuclei were pycnotic and some 
of the cells swollen and granular Capillaries weic observed bclwccii (he 
epithelial cells, but the surrounding tissue was apparently not vasculari/(d 
Both glands lay close to the bone surface but there was no local osteoclastic 
resorption 

One may now^ consider some general points of interpretation of this matcri.d 
Apparently the resorptive and osteogenic activities seen m older gr.ilts hau 
not started at 2 days, and it is probable that they do not commciiee until 
vascularization is established It is possible, howc\cr, that the glands, which 
at 2 days after the^opcration w'ould be only 10-12 daj^s old, arc not lot tapalile 
of secretion Foster (1943) has shoAvn that, in the mouse, a senes of t> tologic al 
changes leading to the establishment of the adult condition is initialed at 
10-15 days after birth It wwild be interesting to check the acLivits of tin 
glands as inferred from cytological structure, by means of the funetional test 
provided by the present technique The semicircular arrangement of the /one 
of erosion and osteogenesis around the gland suggest that resorption starts 
and IS most active m the region immediately adjacent to tlie gland It mas .t 

notedthatthenumerousosteoclastsmthissitearccertainlyncw \ i ^ ’ 

since in a 10-day mouse the central region of the parietal is su s <in i. j 
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from them, as sho-wm by Barnicot (1947), and in the 2-day grafts anv osteo- 
clasts which may ha\ e been present on the implants had evidently disappeared 
The mtense osteoclastic actiMtj shown m some of the grafts is accompanied 
by equally intense bone formation only a few microns away One is prompted 
to ask whether the secretions of the parathjToid are responsible for both 
processes, the djmamic equilibrium betw een them bemg speeded up It is w ell 
known tliat in animal experiments the injection of large doses of parathyroid 
extract is follow ed by osteoclasis and also by the conversion of the osteoblasts 
to spmdle cells w hich are presumably inactive Howei er, it has been shown 
that the successive injections of small doses may lead to an actual increase in 
the amount of bone trabeculae at the metaphyses It may be, on the other 
hand, that m the present material the active bone formation m the zone of 
resorption is a secondary’’ effect of mechanical stimuli due to the local thinning 
of the graft In tlus case the osteoblasts must be thought of as remaining 
capable of bone formation, because the mechanical stimulus outw eighs the in- 
hibitory action of the hormone which must presumably reach them, particularly 
when the reticulate bone layer is perforated at mteivals It seems probable 
that the bone grafts are subject to an mtracranial pressure tendmg, when they 
he m the meninges, to rei erse their cun^ature and flatten them against the host 
skull In a few cases the edge of the graft w here it lies against the host parietal 
is surrounded by a local area of bone resorption which mav be taken as 
indicating such pressure The layer of reticulate bone, how ever, often indents 
the brain surface, and must advance against this pressure The loose character 
of the connective tissue, and its radial orientation around the parathjToid, 
argue against the eroded zone bemg subject to pressure from this direction 
The question to what extent the mechanical pressure exerted on the bone b^ 
the soft- tissue graft may be instrumental m producing local resorption, is taken 
up again m discussing experiments w ith other tissues, particularlj' those using 
cartilage 

The deposition of new bone on the concave surface of the grafts in the regions 
peripheral to the zone of erosion might also be attributable to the action of the 
parathyroid This is, however, a feature commonlj found m grafts of other 
tissues also The amount and character of this new bone seems to be con- 
ditioned by various factors which affect all grafts to a greater or less extent 
A deposition of spongy new bone is often most marked where the graft lies m 
scar tissue in the hole in the host skull, wdnle more anteriorh w here it may be 
embedded m the hemisphere and closely surrounded by brain tissue, the new 
bone is often thinner and in the form of a continuous layer Probably 
inflammatory changes and the presence of a certam amount of organizing 
necrotic tissue, pros ided they are not so intense as to lead to the death of the 
osteogenic cells of the graft, favour the proliferation of this new bone, winch 
becomes particularlj thick and acquires a complex spongy structure if the 
adjacent tissue is loose and docs not impede its advance As described above, 
the osteogenic laver of the grafts, as seen at 2 dajs, is somewhat disorganized 
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and osteogenic cells have probably become mdely dispersed m the plasma clot 
by the time vascularitation is established The frequent ossiricot.on of ncerotie 
soft-tissue grafts, which is mentioned below, and also the frcqucnth snonfT\ 
character of the new bone deposit, on the concave surface, niav pcrhaiis be 
partly accounted for by tins fact The close apposition of the bram against the 
convex aspect of grafts in the meninges may perhaps explain the thinner, nioic 
compact structure of the new bone on this surface 
It is probable that the effect of tlie parathjToid on tlic bone graft is due (o 
hormone carried to it in blood vessels, and vaiious other featmes of (Ik 


material may be attributable to tlie arrangement of vascular connexions I'lio 
semicircular form of the zone of lesoiption round the gland mighl suggest 
a diffusion of the active principle, particularly in tvo cases (PI 1, fig ») m 
which the host skull also was eroded thus completing a ciulc ol rcsoijifion 
However, m both these specimens an ‘osteitis fibrosa’ tissue iich in sjundh 
cells and osteoclasts, can be traced into the dijiloc of the host jiaiictal vliieh, 
as IS usually the case, is much thickened on the side vheic the nnjilanl vas 
made This seems to be explicable onljf if the hormone is eonvcA ctl bj the blood 
vessels, and the piesence of spindle cells m this position, wheic nicehaiiKal 
factors are probably less important, is m significant contrast to llu adne 
osteoblasts in the zone of resorption of the giaft bone The rc^cIsc sitiialinn 
is illustrated in PI 1, fig 5 vhere, although the gland lies vcr\ close to the lio’sf 
skull, no resorption is seen at this site It mil be noted that an arlifuial spate 
sepaiates the meninges from the skull roof, and in all jirobabilitv li is flu 
absence of vascular connexions which accounts for the l.ick of itsorjilion hcic, 
while the bone graft is being actively ciodcd It has alrcadv been siiggistid 
that the absence of resorption m 2-da}’’ grafts and the diminished iuti\il\ in 
some perforated grafts aie due to the condition of the blood su])])f\ , w hit h m I lu 
formei is not yet established, anclmthelatterhasbecomediniimslicd Cajnllai ii s 
can sometimes be tiaced from the parath}TOKl graft into the siiriomuling 
connective tissue tlie zone ofactivc resorption docs not ajipcar to be pai tu iilarh 
rich in blood vessels, but injected specimens would be required bcloit iniidi 
could be said with certainty about the arrangement and richness ol \ i ssi Is in 
the grafts Since the posterior end of the bone graft is usually m (he lioli in (he 
host skull It IS not unlikely that blood i essels grow in from here, and Hus iii.n 
explain the fact that connexions ire not ahvays established w ith llu o\ i rlj mg 
host skull The cases in which resoiption is slight in sjulc of the sur\ n ,il ol llu 
parathyroids may also pei haps find an explanation m thc^agalles ol \as(iilar 


supply 


(2) Parathyroid-bone giafts ivitJi grey-klhal material 

The skeleton of the mutant grcy-lctlialmouic,tlcscril)c(l by 

IS remarkable for the excess of trabeculae in the luarrou caMlies an.l eanoas 

abnormalities in the shape of the bones, due 'Vri, ^o^n^ba^,' u. h 
resorption during development Barmcot (lOH. iota) has shoun lhat mu.h 
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of tins excess bone is resorbed if grey-lethal bones are grafted subcutaneouslj to 
normal hosts, or if grey-lethal mice are gn en doses of parathjToid extract in 
excess of those required to produce resorption in normal anmials 

The following combmations nith the present technique i\ere set up -n-ith 
a Me\\ to obtammg more information about the actmtj’' of the grey -lethal 
parathjToid w hich, as far as is know n, is structurally normal 

Implant 

f t 

Paratliyroid Bone Host 

(i) Grey lethal Grey lethal / Normal 

(u) Grey lethal Gre\ lethal Grey lethal 

(ui) Normal Normal Grey lethal 

The whole batch of experiments, particularly those in nhich grej'-lethals 
t\ere used as hosts, jnelded fet\ successful grafts, but, although the material 
IS scantj’', certam conclusions can be drawn from the results, tthich are dealt 
It ith here smee further experunents are unlikely to be undertaken bj the ■writer 
(i) Three specimens are available m which living parathyroid tissue vas 
located AH three show definite e-vidence of osteoclastic resorption m the 
neighbourhood of the gland In one (PI 2, fig 9) resorption is accompanied by 
osteogenesis on the Comdex aspect and the picture is altogether comparable to 
group I grafts of normal tissues It -will be noted that there is little or no 
evidence of erosion of the overljnng skull and this, as already suggested, may 
be due to lack of vascular connexions In the second specimen, illustrated in 
PI 2, fig 10, the graft is embedded in the brain The parathjToid is smaller and 
more compact and lies on a fibrous membrane which bridges a sharp edged 
hole m the bone graft, at the edges of which are a few osteoclasts In the third 
case, the parathjroid is embedded in bram tissue and lies some distance from 
the hone graft, which, none the less, shows some resorption and manj"^ osteo- 
clasts on the region opposite the gland, although the bone is not actually 
perforated This specimen, and the previous one, are consistent ith the view 
that it IS by vascular connexions rather than by direct diffusion that the 
hormone reaches the bone 

From these specmiens it can be concluded that the grej'^-lethal parathyroid 
IS capable of producing its secretion, at least m the environment provided bj' 
a normal host It is not surprising to find tliat the grej’^-lethal bone responds, 
since it IS alreadj'^ known that the grej’’-lethal bones exhibit resorption -when 
grafted alone to a normal host The sharp localization of the resorption m these 
experiments shows that it is due to the gland The results are also m harmoni 
■with the prei lous iv ork m ■« Inch resorption in the bones of gre}’--lethal mice 
was sho^wn to occur after repeated massive doses of parathormone It is 
evident that m the intact grej'-lethal mouse the bones do not respond to the 
niimal’s own parathjToid, tins maj’’ be because under these conditions the 
activity of the gland is subnormal or because the bones are relate elj' insensitii e, 
or both On the other liaiid, it may be that implantation of bone and para- 
thjToid in a normal host results m no alteration m the activity of either tissue. 
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Thyroid gtafts 

It was felt desirable to investigate grafts of thjToid alone, partb^ because 
some of this tissue was adherent to the parathyroid grafts, but also because 
le osteoporosis which sometimes occurs in hypei thyroid casespcihaps indRatcs 
a stimulation of bone resorption Robertson (1942), hovever, icgaids the 
increased urmary calcium excretion in hyperthyroidism as due to a change m 
the renal threshold, and Albright (1947) suggests that the osteojiorosis is due 
to a negative nitrogen balance ■which limits bone-matn\ sjTithcsis 
The account is based on twelve specimens, m vhich pieces of thyroid about 
1 0 mm square, cut from the gland with scissors, were used for grafting Thci e 
was no e-^ndence of local osteoclastic resorption, but as in the pituitary giafts, 
the deposition of new bone appealed to have been impeded by the graft, 
particularly if the latter retained a comjiact structure Evidence of considerable 
degeneration was found in all grafts of thyroid tissue, and even in the best 
specimens (PI 2, fig 15) the surviving vesicles were abnormally distended n ith 
colloid, and it may be questioned whether they were secreting hormone into 
the blood stream In tlnee specimens (Text-fig 4) there were free nodules o( 
bone in the thyroid which were appaiently due to the ossification of necrotic 
tissue 


Adienal giafts 

The use of whole adrenals, oi even of the bisected gland, for grafts ol this 
kind IS technically dilficult because of their large size Even m succcsslul casts 
in which the glands retained their position on the graft bone, it nas found that 
very extensive degeneration had occurred, and, following the jiroctduic of 
Williams (1947), small fragments of capsule were used for the last three of the 
ten specimens on ivluch tlus account is based The specimen illustrated in 
Text-fig 5 shows very well the mechanical effect of a large, eoinp.iet, liiiL 
almost entirely degenerate mass of tissue, in restricting the foimation of luw 
bone both on the adjacent area of the bone graft, and on the overlying host 
skull The other specmiens of whole or bisected glands showed similar clkets 
In two of the capsule grafts (PI 2, fig IG) a small mass of regenerated adrenal, 
mteimediate in sti ucture between gloinerulosa and fasciculata tissue, w as found 
Theie is no good evidence that this tissue produced any specific effeet on bone 
deposition or resorption m its vicinity , the very massive proliferation of s|)origj 
new bone m all tlnee of these specimens, leading to synostosis with fhe host 
skull, IS probably attributable, as its detailed structuic suggests, to ossifieation 
of fiagments of necrotic adrenal tissue, wluch had been introduced in a 
fragmented condition 


Caiiilage gi afts . i , i i 

One graft was performed using nb-eartdage from the zone of cmlochomlr., 

ossiflcation. and two othera using bloeks of eartilagc from 
zone The toimer underwent contcrsioii to a nodule of tp 
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adjacent bone graft shoM ed no local resorption but the nodule was not closely 
pressed against it One piece of non-ossifymg cartilage became sj-nostosed to 
the ne^^ bone which surrounded it, the other (PI 2, fig IT) lay free but closelj 
pressed agamst the bone graft It is clearly seen that the deposition of new 
bone on the bone-graft surface is minimal where the cartilage lies m close 
contact with it, while to one side a considerable thickness of new bone has been 
formed If mechanical pressure were an important factor m producmg local 
resorption in grafts of this kind, one might e's.pect to obsen^e it in cartilage 
grafts because of the harder consistency of the tissue The fact that osteoclastic 
resorption was not seen renders it unlikely that mechanical pressure was 
important in producmg the resorption described m parathyroid grafts 

SUMtlARY 

1 Parathyroid glands, dissected from 10-day-old mice, have been attached 
to pieces of parietal bone from the same animal and grafted to the cerebral 
hemisphere of a litter-mate 

2 After 10-14 days it was found that very active bone resorption accom- 
panied by osteoclasts was occurring on the surface of the bone graft opposite 
the parathiTToid This resorption was often accompanied by new bone deposition 
on the opposite surface of the bone graft, while m other specimens actual 
perforation occurred It is concluded that the parathyroid hormone is capable 
of stimulating osteoclastic resorption by a direct action 

3 Similar graft combinations utilizing grey-lethal mutants as donors and 
hosts are described It is show n definitely that the grey -lethal parathyroid can 
produce local resorption of grcy'-lethal bone when these are grafted to a 
normal host 

4 Grafts utilizing pituitary, thyroid, adrenal and cartilage tissue are 
described In no case w as there c^ idence of local resorption of bone jSIost of 
the observed effects are attributed either to the mechanical restriction imposed 
by the soft-tissue graft on the deposition of new bone which alway's tends to 
occur on the surface of the bone graft, or to the invasion and ossification of 
nei rotic tissue 
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stocks, Mr Warwick lames for the loan of a slidmg-microtome, and Prof 
J Z Young for the facilities provided by^ the Department of Anatomi during 
the eomplction of this work, while I was attached to the Department of 
Antliropology I am also much indebted to ^Iiss O Occomore and ^Ir A 
Kozlowski for help with the technical work, to Jlr F J Pittock for the 
photographs, and to JIiss K E Attw ood for typmg the manuscript The work 
w as partly accomplished durmg the tenure of a grant from the Dixon Fund of 
the University' of London 
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EXPLANATION OF PLATES 
Plate 1 

Fig 1 Macerated bone graft 14 days after grafting, mth attached norma! parathy roid, to a norm d 
host Convex, ectocranial aspect, shoumg the bulging and circumsinhcd zone of new bom 
formed opposite the parathyroid graft Magn x20 

Fig 2 A similar graft to that in Fig 1, seen from the concae o, cndocnnial aspei t 1 1 rforation 
has occurred Note the thickcnmg by now bone deposition round the periphery of tlie groft, 
particularly on txvo sides The upper side lay within the scar tissue of the hole in tlie iiost 

Fig f’^raftTnomial bone and parathyroid mto a normal host There is marked osUocIasdr 
^ resorption opposite the gland, accompanied by new bone formation on the torn ex surfu. 
RlsoSonTs evident on the adjacent, thickened, host skull, and at the left hand suh th 

Llomspaceisenlargedandcontams'osteitisfibrosatissuc’ Some thy roidvcucles arc adi.er.nt 

Se mrathyroid Note the indentation of the ecrebral surface bv the graft Os Uodasts 
have beTempbasized by inkmg Haematoxylin Orange G Eiy throsin Magn . 8 . 



Achon of the 'paratliyi oid on hone %n inimceiebral giafts 247 

Fig 4 Graft of normal rat bone and parathjToid to a normal litter mate Opposite the gland 
a lajcr of new, reticulate bone, -nluch is lined with osteoclasts (marked mth ink) on its 
concaro aspect, has entirelj replaced the origmal graft bone The ongmal bone, contrastmg 
m sta inin g and structure, is seen on either side The graft hes embedded m bram tissue 
Haematoxyhn Orange G Ei^dhrosin llagn y 85 

Fig 5 Graft of normal bone and parathyroid into a normal host The bone graft is perforated 
opposite the parathjToid The hole is bndged bj connective tissue which is rather more 
fibrous than that surroundmg the gland m Fig 3 The host skull shows no, or veiy slight 
resorption Haematoxj Im Orange G Erythrosin JIagn x 60 

Fig b High poa er view of the central region of the zone of resorption shown m the specimen 
Fig 3 At the nght hand side note the osteoclast orientated at nght angles to the new bone 
lajcr, m conformitj with adjacent fibroblasts Haemato\jhn Orange G Eiythrosm JIagn 
x380 

Fig 7 Graft of normal bone and parathjToid to a normal host The parathjToid has been much 
reduced by necrosis so that only the small stnp, seen m the upper part of the field, remams 
There is, however, perforation of the adjacent bone graft and at the edge of this perforation, 
several large osteoclasts are seen on the bone Haematovylm Orange G Erj throsin Jfagn 
x3S0 

Fig 8 A normal parathj roid grafted mth normal bone into a normal host and sectioned 2 days 
after implantation The nuclei are abnormally clumped together A fen capdlanes contammg 
red cells, traverse the gland, but the surroundmg tissue is not vascularized The graft bone, 
seen below, has living osteocj tes The osteogenic layer, particularly on the side near the gland, 
IS chsorganized The small perforation opposite the gland is not bordered bj osteoclasts, and 
IS probablj a i essol foramen which was present already when the graft was made Haema 
tovi hn Orange G Eiy throsm llagn x 290 


Plate 2 

Fig 9 Grey lethal parathjToid and bone grafted to a normal host Resorption accompanied by 
new bone formation is wcU marked opposite the gland, and this area contrasts mth the 
thicker bone on the left hand side The cemcnt-lmes here demarcate the original bone graft 
from new deposits on both its surfaces Tlie host sknU is not resorbed Hacmatovjlm Orange 
G Erythrosin llagn x 80 

Fig 10 Grey lethal parathyroid and bone grafted to a normal host To the loft of the small 
parathj roid is a number of thjroid vesicles The bone graft is sharply perforated opposite the 
gland Haematoxylin Orange G Erythrosin llagn x 80 

Fig 11 Normal parathj roid and bone grafted to a grcj' lethal host Parathyroid small with 
thjTOid vesicles on left side Opposite the gland is a considerable area of reticulate new bone 
osteoclasts occur along its concaae surface On either side the bone is thicker Scieral 
spicules, apparcntlj the remains of the ongmal graft bone, arc situated close to the 
parathyroid Osteoclasts marked with ink, one of them is unusuallj large Hacmatoxahn 
Orange G Erj'throsm Magn xllO 

Fig 12 Grej lethal parathjroid and bone grafted to a grey lethal host The tissue around the 
parathj roid is heavilj infiltrated The graft bone is uniformlj thin A feu largo osteoclasts, 
marked m ink, occur on its concaae surface Haeraatovjlin Orange G Eia throsm ^lagn 
xllO 

Fig 13 Normal pituitan grafted mth normal bone to a normal host A compact piece of antenor 
lobe tissue lies in close apposition to the bone graft which is neither resorbed nor markcdlj 
tliickcned m this position. At the extreme right hand edge of the bone graft there is a new 
deposit of spongj bone Haematoxjhn Orange G Ervthrosin llagn x83 

1 ig 14 High power view of normal antenor lobe tissue attached to normal hone and grafted to 
a normal host At the lower part of the field is the spongj new bone with linng osteoci tes 
deposited on the bone graft surface Osteoblasts are seen along the surface of this new bone 
Compared mth an ungrafted pitmtaiy of similar age (inset) the cells of the grafted gland are 
seen to ha\ e manj pj cnotic nuclei Hacmatoxj Im Orange G Erj throsm llagn x 380 
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Fig 15 Normal thyroid grafted ivith normal bone to a normal host The th3roid follitles 'i Inch 
are wdely scattered, are often distended mtli colloid A thick Injer of spongi bone has bun 
deposited on the concave surface of the bone graft, and is demarcated from the original 
surface by a cement hne This new deposit is shghtly thinner opposite the th\ roid Tlicro arc 
no osteoclasts on the surface of the graft bone The host skull is much thickened llaoiiia 
tovyhn Orange G Erythrosin Magn x 85 

Fig 16 Graft ofcapsular fragments ofnormal adrenal until normal bone to a normal host Towards 
the centre of the field lies a piece of regenerated cortical tissue, allowing a fascicular arraiicc 
ment of cells Both the bone graft and host skull are much thickened and are s^nosted near 
the nght hand side of the field Haematoxj’hn Orange G Er} throsin Magn x S 5 

Fig 17 Graft of normal non ossifymg costal cartilage wnth normal bone into a normal host The 
cells of the cartilage are mainly alum e\cept at the cut surfaces Over the area covered hj the 
cartilage the graft bone is thin, but osteoclasts are not found on its surface On tlio kft hand 
side the contrast betw een this thin region and the thickened bone to one side is % erj marked 
Haematoxylin Orange G Erjdhrosm Magn x 85 
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THE STOjMACH IN SOUTH AERICAN INSECTWORA, 
WITH NOTES ON THE ORGANIZATION OF 
]\IA]\OIALIAN GASTRIC GLANDS 

By A C ALLISON 

From the Department of Anatomy, University of the Wituatersrand, and 
Department of Anatomy, Umveisity of Ovford 

As part of a sj^stematic study of the Insectnora, a coniparatne anatomical 
in\ estigation yas initiated on three species readily available in South Africa 
the elephant ‘shreiv’, Elephantidus myiirus, the golden ‘mole’, Erenntalpa 
granti, and the slmev , Suncus orangiae These tiuree species belong to different 
suborders of the Insectivora Macroseehdoidea, Chrj socliloroidea and Soncoidea 
{Simpson, 1945) 

In the course of this mvestigation attention v as directed to a study of the 
morphologj'^ of the stomach, and it soon became apparent that the stomach 
in the three insectivores differs greatly in gross morpholog^’■ The stomach m 
Elephantidus is a relatively simple sac, almost identical m structure vnth that 
of Tupaia and the primates In Erenntalpa it has more the shape of a triangular 
p\Tamid, and in Suncus the fundic dilation ne\t to the oesophagus is succeeded 
bj a long, constricted, tubular portion (PI 1, figs 1-3) The question arose 
vhether these differences reflect important differences m structural organization 
or are merety superimposed upon a basic morphological similarity 
In his general discourse on the comparative anatomy of the ahmentarj canal 
of mammals, Flower (1872) outlmed the gross structure of the stomachs of 
some Insectis ora, and indicated their great a ariation m shape, but he did not 
describe the microscopical features Edelmann (1889) recorded obsemations 
on the histologj^ of the cardia m Erinaceus and Taljra Somenhat more 
complete is the account given by Carher (1893) of the stomach of the hedgehog, 
Erinaceus He found a narron zone of cardiac glands, a fundic region extending 
to the middle of the greater cunmture and bend of the lesser curs ature, and 
a rather smaller p\donc region Pemkopf & Lehner (1937) and Pcmkopf (1937) 
noted that m Soiex, and even more in Hydrosotes, the pjloric region is drawn 
out and tubular, much as obseiaed here in the related shren Suncus In the 
present study, the stomachs of Elephantidus, Erenntalpa and Suncus vere 
exammed in detail microscopicallj Serial sections y ere prepared to define the 
different areas of glandular epithelium, and c\tological techniques ycre 
emploj cd to examine the structure and relations of the sea eral cellular elements 
As yiU be seen, m spite of structural differences the stomach m these tliree 
species IS organized on a similar plan Tlus organization is simple, and sem es 
to demonstrate yath almost diagrammatic clearness the prmiitn e interrelations 
of the different regions m the mammalian stomach, more or less undisturbed 
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by secondary specializations or adaptations From examination of the ai raime- 
ment in rnsectivora it is thus possible to make some obsenat.ons eoiicermn.^ 
le general jmoblem of gastric organization 


MATERIAL AND METHODS 

The stomachs used m this study were obtained fiom a number of adult male 
and female animals of each species, fixed in Bourn’s fluid and prcsoivcd m 
! 0 % alcohol or 10 % formalin Portions of stomachs taken from EJ( phanhiJm 
and fixed in Zenker-formol were available for moie detailed study Oiu 
stomach of each species was embedded m parahin, seetioncd serially and 
stained with haematoxyhn and eosm m order to detcimine the distribution of 
the gastric glands Further smaller blocks of stomach v all v ere embedded in 
paraffin and sectioned at 5 or 6/x, these sections vcrc stained to shov the 
cytological features of the gastric epithelium Of the staining techniques 
employed, Mallor 3 ''’s stain, Heidenhain’s iron haeniatoxyhn and imicicarmine 
and thionin were most satisfactory The polyehrome method of Giems.i, m 
which sections are oveistamed and differentiated in acidulated alcohol or 
colo 2 Dhonium, gave a very delicate demonstration of the struclural features in 
the cells of the fundic glands, shoving clearly chromidial substance as well as 
secretoiy products Masson’s silver impregnation was also cmploj’'cd, but no 
basal granular cells were detected in any of the stomachs investigated 


OBSERVATIONS 


Elephantnhi^ myiinis Gross morphology The stomach (PI 1, fig .'}) is 
almost identical in structure with that of the lesser piimates, ha\ing the form 
of an elongated, comma-shaped sac The blind sac of the fundus jiasscs o\ c r 
AVithout any marked external change into the pyloric antrum, and this, in 
turn, is separated by a shallow sulcus mtcrmcdius from the jij lone canal The 
region of the jijdoiic stihincter is maikcd externallj by a pjloric constriction 
The lesser curvature between oesophagus and duodenum is short and has 
a definite mcisura angularis Intcrnallj, the gastric mucosa is gathered in 
a longitudinal direction The muscular lajmr is thin o\ cr the greater p.irt of tlu 
stomach wall, it becomes thickened in the pyloric canal, and at the pyloric 


orifice forms a well-defined sphincter (PI 1, fig 0) 

Mici oscopical sti iiciw c The jientbneal investment of the stomach is scjiar iti d 
by a very thin layer of loose connective tissue from the underlying muscular ( o it 
The tunica musculaiis consists of two layers in the oqlcr laser the muscle 
fibres are longitudinally disposed and continuous vith the outermost coals of 
muscle of the oesophagus on the one hand and the duodenum on the other, 
the inner coat has circularly arranged fibres The inner layer is about t ine 
times as thick as the outer over the fundus and becomes greatl) hjpcrlroph.cd 
at the pyloric extremity to form the pyloric sphincter There is no oblique lav i r 
of muscle such as is usually found m the mammalian stomach Plic muse ulans 
mucosae forms a thin but well-defined sheet throughout the organ, but is not 
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particularly developed in any one region It is interrupted vherever blood 
vessels penetrate into the tunica propria Slight bands of smooth muscle 
extend longitudinally wnth these blood vessels deep into the mucosa, ^^here 
they he between the glandular tubules The tunica piopria of the mucosa is 
composed of loose reticular connective tissue It forms for the most part a thm 
layer, hut is thickened in some regions, and sends vascular projections into the 
larger folds of epithelium These thickened regions of the tunica propria have 
usually a central blood vessel There is no membrane of Zeissl or stratum 
compactum of dense fibrous connective tissue m the tunica propria as is found, 
for instance, in the cat 

The epithelium of the mucosa shows depressions or foacolae into vhich the 
gastric glands open The zones of mucosa, arranged according to the type of 
glands in each, are mdicated m PI 1, fig 6 There are no oesophageal glands 
near the junctional region The squamous stratified epithelium of the oesophagus 
IS replaced by a narrow zone of cardiac glands, 2-3 mm in ■vs idth This zone is 
folio's! ed by a much greater area of fundus glands, wluch passes over very 
gradually into the pyloric zone As the glands are traced from the fundus to the 
pylorus (PI 2, figs 7-9), the chief cells become gradually less common and 
eventually disappear entirely Parietal cells persist along ss ith mucoid cells for 
some distance, however, in is hat is here termed the transitional region The 
parietal cells themselves decrease in number at the base of the glandular cryjits 
as the pylorus is approached, and are ultimately replaced entirely by'^ mucoid 
cells of the pyloric glands The cardiac and fundic glands are for the most part 
simple and tubular The pyloric glands form a somewhat thinner layer, with 
glandular tubules branching and coiling more freely 

Cytology of the gastric epithelium Surface cells These cells cover the surface 
and pits of the mucosa They vary considerably in size and shape, being 
adapted to the type of folding of the mucous membrane in each region They 
have typically rounded or oval basal nuclei, with coarse chromatm blocks 
applied to the distinct nuclear membrane, and one or more plasmosomes In 
mature cells the nucleus becomes smaller and stains more deeply' The luminal 
poles of surface cells have usually exceptionally' well-preserv'ed aggregations 
of fine granules of mucinogen secretion (PI 2, fig 11, PI 3, fig 14) Those 
cells deep in the foveolae have few granules, progressively' more granules are 
seen tonards the surface The prosecretory' granules stain intensely' vith iron 
liaeniatoxyhn, with acid fuchsin and the eosm component of Giemsa’s stain 
Eventually, they' ripen to produce a typical theca at the apex of the cell, filled 
VMth mucin which stains deeply with mucicarmine Such mature surface cells 
are rare in Elcphantiilus, they' appear very similar to, though rather taller than, 
the surface cells of Uiemtlolpn shown m PI 2, fig 12, and PI 3, fig 15 At the 
junctional region between surface cells and mucoid cells numerous mitotic 
figures mav be distinguished 

Mucoid cells These arc found in the cardiac and pyloric glands and the 
necks of the fundus glands They' vary' somew hat in shape m different situations, 
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but are typically columnar, with rounded or oval basal nuclei The cluoinntin 
again appears in masses, tending to be applied to the nuclear mcmlmmo 
Plasmosomes are usually present The cytoplasm of some of these cells is more 
or less homogenous, but most mucoid cells shov vaiying degrees of accumula 
tion of mucin secretion towards the lummal pole This stains dccplv villi 
mucicarmme and metacliromatically with thionin With MalIor> s slam Ihe 
cjd;oplasm appears vacuolated, with strands of material coloured light blue 

(PI 3, fig 18 ) Intermediate forms between mucoid cells and chief and p , 11 iclal 

cells undoubtedly occur PI 3 fig 20, shows a cell containing a mucoid lyfic 
of cytoplasm towards the lumen and tj'pical paiietal cell granules tovards the 
base The cell membranes are usually distinct, and thcic is little possihihh of 
mistaken identification resulting from supcrimposition pictmcs Othei cells of 
mucoid type show accumulation of serous sccretoiy grannies These an 
refractile and m some cases stain only faintly, m other cases they slum 
increasing degrees of intensity of staining until they aic mdislingiiishablc fiom 
typical granules in chief cells Coincident with this accinmilation of serous 
secretory granules is an increasing basophilia of the basal pole of the cells 
(PI 3, fig 19) Intermediate tjqies of cell appear to be confmed to the necks of 
the fundic glands, and occur not infrequently m tlic transitional region of 
mucous membrane between fundus and p 3 dorus 

Paueial cells These are most commonly found in the upper third of the 
fundus glands, where they have a characteristic position somewhat removed 
from the lumina of the tubules and related to the bases of mucoid and chief 
cells (PI 3, figs 17, 18) The parietal cells aie triangular or loimdtd m shapt 
They have large, rounded, central nuclei fanly coarse chromatin, and nsuali^ 
one or moie plasmosomes Bmuclcate cells are not uncommon The tnfirc 
cjdoplasm is filled with secretion, but for small spaces oi ‘canals’ m the legion 
of the Golgi apparatus The secretion itself occurs ns disci etc subangiilnr 
gianules, not highly refractile, staining purple with I^Iallorv’s stain and i eddish 
with Giemsa’s preparation Parietal cells near the necks of fundic glands tend 
to be smaller than those deeper m the tubules In some jiaricfal ( ells grainik s 
staining like those in chief cells occur Verj’’ occasionalism these grnniihs may 
accumulate in such numbers as to distort the cell and make it diflit nil lo decide 
whether it is, m fact, a parietal cell at all Near tlie bases of the glands souk 
small, rounded, vesicular parietal cells free of granules ma\' lie obsen cd Some 
of these cells have pyknotic nuclei and appear to be undergoing degcner.il ion 
As the chief cells become fewer and disappear towards the pjlorns, the pariela 
cells are found nearer to, and ultimately at, the base of the gl.mds P.iru Inl 
cells become first more and then less numerous as one passes lliroiig i llu 
transitional region, and are ultimately replaced entirely by mucoid cells ‘ s 
has been noted, cell tjqies intermediate bctu een mucoid and pane .i ee s 

Chef cells These are columnar elements found onI> ton an s ^ ^ 

fundic glands A typical chief cell has a large, rounded or oe a I tuk lens b.is i 1 j 
Iruatelvnthirreilar blocks of chromatin (PI 3, fi^ n) 3 he .area of ce to- 
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plasm between the nucleus and basement membrane contams diffuse chromidial 
substance, ^\hlch is stained light blue in sections prepared inth Mallorj^’s 
technique, and more deeply by toluidm blue The luminal pole of the cell is 
filled ith a mass of spherical, refractile secretory granules, varj^mg someii hat 
in size, and staining with the orange-G component of Mallorj^’s mixture and 
purple Mith the technique of Giemsa At the bases of glandular tubules, 
a number of chief cells are found ii ith very large refractile granules distributed 
throughout the cjdoplasm There is occasionally e\aden(;e of nuclear kary- 
orrhexis and karyolysis, suggesting that some of these cells degenerate and are 
cast off 111 the lumma of the glandular tubules Here again, types intermediate 
between chief cells and mucoid cells are found (PI 3, fig 19) 

Siincus orangiae Gross morphology In different specimens of Siincus the 
stomach i\ as found to vary somewhat in size and shape The organ has typically 
a large fundic dilatation, uhich is delimited by a slight constriction from the 
succeeding long, thin, tube-hke region At first sight this tubular portion of 
stomach appears to be the most proximal part of the duodenum, but closer 
inspection reveals a slight pyloric constriction some 5 mm along its length, 
and this marks the transitional region between the two organs When the 
stomach is cut, its wall is seen to be unusually thin The muscular coat, poorly 
developed over the greater part of the organ, becomes slightly increased as the 
pyloric extremity is reached, and here forms a small pyloric sphmcter (PI 1, 
fig 5) The gastric mucosa is likewise relatively thin, and is less folded than in 
either Elephantulus or Ereimtalpa 

Minute structure There is very little connective tissue between the simple 
squamous peritoneal mcsothelium and the subjacent tunica muscularis The 
tunica muscularis itself, as has been noted above, forms a thin bilaminar sheet 
The longitudinal and circular layers are of roughly equal thickness over the 
most part of the organ, but the latter becomes increased to form a sphmcter 
at the pyloric extremity The inner layer is characteristically folded or puckered 
m cross section m fixed preparations 

Four mam regions of mucosa, each having glands of characteristic type, maj' 
be distinguished (PI 1, fig 5) The squamous stratified epithelium of the 
oesophagus is succeeded by a narrow zone of cardiac glands, some 3 mm vnde 
At the edge of the cardia is a narrow zone (not figured) ivuth glands composed 
of parietal as well as mucoid cells Farther from the cardia, chief cells become 
rapidly more abundant until, m the true fundus, they make up the lov er half 
of each gland As the limit of the fundic region is approached, chief cells 
dimmish in number, and parietal cells occur in the lower third of glandular 
tubules In the transitional region there are no chief cells, although manv 
mucoid cells near the fundus show slight basophilia and other signs of 
differentiation, parietal cells are found in the basal part of the glands, and 
mucoid cells make up the rest of the glandular epithelium Parietal cells 
dimmish in number as the true pyloric region is reached, and the glands of the 
pylorus have only mucoid cells 
Anatomy 82 
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Cytology of the epithelium No discrete granules of secretion occur in sinfacc 
cells nor is there an intense mucin reaction Tlie luminal pole of mam surface 
epithelial cells does stain to some extent with mucicarmine, lionet erf and this 
may be taken as evidence that the cells arc mucin secreting (PI 3 , fig ic) 
Mitoses m the gastric glands again appear to be confined to the junc^tional 
region between surface cells and mucoid cells The mucoid cells, chief cells and 
paiietal cells have a cytology and distribution much as in Elcphaiitiiliis 

Eiemitaljoa gianti Gioss moiphology The fundic legion of the stomach is 
relatively large and dilated (PI 1, fig 1), and forms a v cll-dcfincd sac vhicli 
has roughly the shape of a triangular pyramid This is succeeded by a narrov 
pyloric region which passes over into the duodenum, the junctional area being 
marked externally by a distinct pyloric constriction The muscular lajcr is 
only moderately developed over the most pait of the organ At the jiyloric 
extremity it becomes progiessively thickened until it forms a spliinelci 
surrounding the pjdoric orifice (PI 1, fig 4) The mucosa is slightlj”^ rugose 

Mici oscopical shuciuic As 111 the other insectivores, the tumc(t musculans 
has only two layers, the outer moie or less longitudinally orientated, the inner 
circulai The inner layer is approximately twice as thick as the outer over the 
greater part of the organ, and considerably more so towards the jiyloiie 
extremity and sphincter 

The four regions of mucosa, already described, each having glands of cha- 
racteristic type, may be distinguished (PI 1, fig 4) The stratified cpiUicInini 
of the oesophagus is replaced immediately by a zone of cardiac glands some 
4 mm m width Cardiac glands aic simple and tubular, and made uji entirely 
of mucoid cells At the edge of the cardia, glands arc lound cont.uning, in 
addition to the typical mucoid cells, some parietal cells As the fundus is 


reached, parietal cells become abundant and chief cells appear m increasing 
numbers at the base of the glands In the body of the fundus, the simple 
tubular glands have a fauly regular arrangement of cells Fiom the blind end 
to roughly half-way along each gland almost exclusively chief cells arc 


encountered, parietal cells predominate in the succeeding region, and pass over 
into an area Avith mostly mucoid cells near the neck Tovsirds the ]ij loriis the 
chief cells at the base of the glandular tubules become less abundant, and tlicir 
place IS taken by parietal cells m ihcti ansitionali cgion In this /one mucoid cells 
gradually replace the parietal cells, and in thepy/fu us mucoid cells occur alone 
Cytology of the epithelium Surface cells in Ercniitalpa arc tjiiic.ill> rather 
low columnar elements, Avith oval, basally placed nuclei, distinct chromatin 
blocks and plasmosonies, and Ime almost imariably a luminal theca filled - 
AVith mucus (PI 2, fig 12 , PI 3, fig 15) Granules of prcnmcin arc lies cr set 11 , 
the theca appears as a faintly granulated or vacuolated mass staining intcnscl> 
AVith mucicarmine As in Elqihantulus and Suncus, most mitotic 
confined to the junctional region between mucoid cells and surface cells he 
cj’tolog}’^ and distribution of chief and parietal cells arc a mos ic cn ica 
those already described in Elejihaniulus 
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DISCUSSION 

Generalfeaturcs Thestomaclis of the tlvreelnsectivora studied — Elephantulus, 
Sunciis and Eremitalpa — shou considerable differences in shape and size (PI 1, 
figs 1-3), jet the minute structure of each is \er} simdar (PI 1, figs 4—6), 
ratlier closelj' resembling that previoush described in Ertnaceus and Talpa 
(Pemkopf <!k Lehner 1937) In each case, the stomach has onij longitudinal 
and circular coats of muscle, a narroii zone of cardiac glands some 3—4 mm 
in indth, ivhich is graduallj' replaced bj’' true fundic glands, and a broad 
transitional region betu een fundus and pj lorus The principle of organization 
is the same m all cases, and it is suggested that the arrangement here described 
m the Insectu ora niaj be taken as representing a primitn e and generalized 
mammalian pattern Although the different species studied are avidelj different 
sj steniaticallj and each is adapted to a different mode of life, the stomach 
structure does not shou anj' important differences Apparenth , the comified 
epithelium and other specialized features u hich are found, for instance, m the 
stomaclis of rodents, edentates and ungulates, do not occur in msectn ores 

Gastric imtcins The precise part in gastric phj siologv plaj'ed bj the \arious 
cells in the epithelium of the mucous membrane is stdl obscure Eaen the 
histochemical demonstration that chief cells in the gastric glands secrete the 
enzjTTie pepsin, aihile parietal cells are acid-formmg, is not bj anj*^ means 
s&tisfactorj’^ As far as the mucm-secretmg cells are concerned, although all 
their products stain a\ith standard dj^es hke mucicarmme or mucihaematm, 
there is little doubt that thej' differ one from another, a surface cell bemg as 
different from a mucoid cell as either is from a goblet cell or a secretorj cell 
of Brunner’s glands Tlus difference is not onlj' confined to their morphologj , 
but applies also to the details of their mode of secretion, although those cells 
near the zone of mitoses between glands and foveolae are not fuUj"^ differentiated, 
as Zanotti (1941) emphasizes Hence, it is likely that the mucin secreted is in 
each case specific, even though gmng the same general reactions It is well 
known that the mucins found m different cells %ar} in their affinities for 
specific stains like mucicarmme, but at present no further means of differentiating 
these related chemical substances exists 

The surface cells of the stomach show some differences m the various species 
of Insectivora In Elephantulus most of them, irrespective of whether the 
material had been fixed m Bourn’s fluid or Zenker formol, show unusuallj w ell- 
presen ed granules of muemogen in the lummal poles (PI 2, fig 11, PI 3, 
fig 14) Sometimes this prosecretion can be seen ripenmg and giimg the 
tj-pical mucous reaction, so that the cells are undoubted!}" mucin secreting 
It IS notew orthj", how e\ er, that such prosecretorj" granules w ere ne\ er obsen ed 
in either of the other insectii ores, nor do the^ appear to have been described 
m, other mammals Whether this difference in mode of elaboration of mucin 
m Elephantulus indicates an actual difference m the ultimate secretorj product 
IS impossible to decide with available techniques 
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The tiansiiional legion It is common m the literature to find descriptions 
of the junction between fundus and pylorus as abrupt HoA\e\er, m each of 
the insectivores examined the fundo-pylonc transition is gradual In the fundus 
the cells are arranged in fairly distinct laj^ers Chief cells arc almost ext lusn ei\ 
found near the blind ends of the glandular tubules, they aic grnduall} rcplatcd 
by parietal cells, and the latter, in turn, pass er into a rone of mucoid cells 
adjoining the surface cells of the gastric pits As the edge of the fundus is 
approaehed, chief cells become less numerous and parietal cells are found 
farther doivn the tubules Parietal cells peisist along Asith mucoid cells for 
a considerable distance before the tiue p 3 ’-lorus (the glands oJ uluch comjirisc 
only mucoid cells) is reached This area of parietal and mucoid cells (PI 2, 
fig 8) forms a tiue transitional region Such a transitional icgion is bj no 
means confined to the Inseetivora, although it ajipears to reach its greatest 
development in this group Lim (1Q22) found in the cat an aica of jiylorus in 
which small parietal cells were present, Aschofl (1024) A\as able to viilc ‘The 
most recent researches of Oshikawa have, however, shown, as Ellcnbcrgci had 
previously demonstrated for the dog, that there is still a third form of gland 
Avhich should receive the appellation of intcrmcdiar}’^ glands These arc glands 
which almost entirely lack chief cells but which, on the other hand, contain 
parietal cells in var 3 nng numbers ’ In human (Bantu) material, Gillnian (1080) 
found a transitional zone such as that described above, and a similar per- 
sistence of parietal cells along with mucoid cells has been noted m Oiycicropus 
(Allison, 1947) . 

It IS clear, then, that a transitional region has been demonstrated btlnccn 
the fundus and pylorus of widely different species of mammals, and it is likely 
to be found on more careful observation of the actual fundo-pylonc transition 
m other species It should, therefore, be regarded as an essential feature of 
gastric structure A similar, but far narrower, transitional zone occurs betw ecu 


fundus and cardia 

The g) adient of oigamzatiomn the gastnc glands, and ihcdcgtcc of d'ljfncntiation 
of then epithelial cell types If the arrangement of cells in the gastric glands of 
Inseetivora is diagrammatically indicated, as in PI 3, fig 13, two features arc 
apparent In the first place, the mucoid neck cells in the fundus apjicar as 
a thin cellular sheet overlying the other epithelial elements of the fundus and 
connecting the cardia and pylorus, the cells of which arc identical morjiho- 
logically and, presumabl 3 ^ physiologically In the second place, tlic layers of 
different cells exhibit an orderly arrangement It is evident that there are here 
three lines of gradient, each originating from the base of the fundus glands one 
passmg along the cardia towards the oesophageal epithelium, another along 
the glandular tubules towards the surface epithelium, and a third along the 
transitional region and pylorus towards the duodenal epithelium Each of 
these gradients shows essentially the same features a zone of chief cells 
gradually replaced by parietal cells, and these, m turn, replaced by m leo d 
ills In othi species such as the cat (Lmi, 1922), additional features fit into 
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the same gradient Thus, the parietal cells nearest the chief cells are large, 
n hile smaller parietal cells are found ivith mucoid cells in the necks of fundic 
glands and in the glands of the transitional region Moreover, those mucoid 
glands of both pylorus and cardia farthest away from the fundus and nearest 
the duodenum and oesophagus resjiectively are excessively coiled This appears 
to he the fundamental gradient of organization in the gastric glands The 
gradient begins ivith chief cells and ends with mucoid cells, and it is possible 
to relate it to the differentiation of the cells in the gastric glands 
It has long been held that of the gastric glandular elements chief cells are 
most differentiated and mucoid cells least differentiated r Evidence in support 
of this view may be adduced from many sources Lim found that the first 
cells to differentiate in embrj^onic gastric glands are mucoid, from these 
mucoid cells first parietal and later chief cells develop Hanxy (1907) per- 
formed gastro enterostomies on dogs and studied ceU changes along the line 
of suture , he found chief cells for a distance of 7 mm changed to mucoid cells 
■which persisted for periods up to 3 weeks, and which aftenvards were retrans- 
formed to cluef cells When the pylorus was occluded also, pyloric glands did 
not show any tendency to assume the characters of fundus glands Cade (19D1) 
had earlier observed that parietal cells disappear and chief cells lose their 
granules in the vicinity of gastro-enterostomy openings m dogs, and all the 
cells appear mucoid in character He inferred that the altered conditions had 
caused the specialized chief cells to revert to the more primitive mucoid cells 
Lim confirmed Cade’s findings in cats and agreed with his conclusions 
Ferguson (1928), studying regeneration after removal of 25 sq cm of gastric 
mucosa m dogs, Vi&s of the opinion that ‘the evidence indicates that the 
specialized cells of the gastric glands are capable of passing tlirough a cycle 
of transformations in response to injury followed by regeneration Thus they 
are first dedifferentiated into more primitive cells which multiply and migrate 
out to cover the denuded surface These foveolar cells then increase by mitosis 
and form gland anlagen Following this, the cells are transformed into the 
specialized cells from which they arose and the cycle is completed ’ Mucoid 
cells are not mentioned, and it is likely that those foveolar cells from -which 
cluef and parietal cells developed were, m fact, mucoid Moreover, displaced 
gastric glands — such as are found m oesophageal ‘erosions’ — are almost 
invariably of mucoid, i e least differentiated, type 

In normal adult stomachs mitoses are frequent in the neck region of fundic 
glands Although most of the cells resulting from these mitoses seem to replace 
surface cells, some mucoid cells are constantly formed, and these appear to 
differentiate into both chief and parietal cells The origin of the chief cell from 
the mucoid neck cell has been repeatedly postulated in the German literature 
(Plenk, 1932) All stages of transition between the t-w'o cell tjqies maj be found 
in the necks of fundic glands A similar origin of parietal cells from mucoid 
cells in the adult appears to have been overlooked, even though the ontogenetic 
and experimental studies of Lim and Ferguson cited abo\ e ha\ e sho'wn that 
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mder e^tam conditions mucoid cells may be transformed into panolal cells 

atisfactory descriptions and figures of intermediate cell tj^pes are raie, indeed 
most authorities, like Bensley (1932), describe abmpt replacement of neek 
cells with no intermediate cell types However, Gillnian ( 1030 ) has obsened 
transitional forms between mucoid cells and parietal cells in the necks of 
fundic glands and the glands of the transitional region, and it nas possible in 
this study to identify cells intermediate between mucoid cells and both chief 
and parietal cells Mucoid cells appear to have, then, a jirospcctn c jiolene\ lo 
transform into chief and parietal cells Whether 01 not this transformation is 
achieved depends upon the environment of the cell The intermediate tell t\ pes 
are always in the same location — eithei in the necks of the fundic glands or m 
the transitional region between fundus and pylorus or cardia this means that 
they are found in the junctional region between cell /ones, nhieh might 
account for their partial differentiation 

The occurrence of mitoses in the neck region of the glands, the c\ idcnec that 
cells differentiate from mucoid to chief and parietal cells, and the picscnce of 
apparently degenerative elements near the glandulai bases, all togethci suggest 
that chief and parietal cells ni the adult ultimately ‘wcai out’, aic cast otl 
into the lumina of the glands and replaced from above This implies a gradual 
migration of cells down the glandular tubules and a less static and more tree 
relationship between epithelial cells and subjacent supjioitmg tissue than is 
generally envisaged 

The place of parietal cells within this scheme is not quite clear Parietal cells 
can differentiate from mucoid cells in the enibiyo and adult They me most 
common in the luminal half of the fundic glandular tubules, but they can bi 
found not infrequently more basally situated among the chief cells This seems 
to indicate that the specialization of parietal cells ln^olvcs some rcstridion of 
possible development, so that, even thougli parietal cells arc found m a ( hu f 
cell area, they are not as a rule transformed into chief cells This dev elopmcnlal 
restriction ' IS clearly but a temporary one, for Cade and lam found jiaiielal 
cells under certain experimental conditions dedifferentiating into tells tif 
mucoid type, which are pluripotcnt In the adult stomach thcie is, indetd, 
sometimes to be found cytological evidence suggestnc of dirctt Iraiisilion 
between parietal and chief cells 

All the evidence cited above supports the vien that the earcha and pjlorus 
are relatively undifferentiated areas of stomaeli It seems more eorrccl to 
consider the cardia in this v ay as undifferentiated rather than to t onelude v ilh 
Bensley (1902) that differentiation of the cardiac mucous membrane ma\ hi 
effected by the action of mechanical forces naturally jirodueed, ojitrafing 
through many successive generations, and associated vith natural sckcfion 
In keeping with the vien that the fundus is a relativclj lughlj dinircnfi i ec 
area is the observation that epithelium of intestinal tv pe, vv hen it ot( urs in k 

stomach, is usually confined to the p>lorus 

of the stomach It scorns that at least tao factors coalrol the 
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morphological organization of the stomach One, perhaps acting primarily on 
the outer coats of the stomach m all, controls the general shape and disposition 
of the organ The second controls the differentiation of the glandular epithelium, 
and appears to act primarily from the base of the fundic glands In the 
Insectivora it is apparent that these faetors can act independentlj’’, since the 
general shape of the organ may vary greatly w ithout appreciably affecting the 
intrinsic organization Hon ever, our knowledge of these tertiary grade organizer 
phenomena — ^particularty those at work in adult tissues — is insufficient to 
allon of many generalizations regarding the means bj" nhicli differentiation is 
brought about in the In mg organism 

SUMMARY 

1 The gross morphologj’’ and minute structure of the stomach m the 
unrelated South African msectivores, Elephantuhis myunis, Sitncus orangiae 
and Ereimtalpa granti, are described m detad The stomaclis exhibit con- 
siderable variation in gross structure, but histological study shows that m each 
species the stomach is built on the same pattern of organization In each case 
there are only longitudinal and circular layers of the tunica muscularis, 
a narrow cardia and, between the major fundic and pyloric areas, a vide 
transitional region having parietal as v ell as mucoid cells 

2 The cjdologj' of the mucoid, cluef and parietal cells is much the same as 
m other mammalian species The surface cells in the different animals studied 
show structural variations suggesting species differences m the mode of elabora- 
tion of their mucous secretory produets It is suggested, further, that, since 
surface and mucoid cells differ in their cytology, the character of the mucins 
they produce is probably also different 

3 The stomach in msectivores shov s a generalized arrangement of glandular 
cells, in which it is possible to establish a gradient of organization passing from 
the base of the fundic glandular tubules towards the oesophagus, the surface 
of the stomach and the duodenum respectively These lines of gradient have 
all essentially the same features — chief cells replaced by parietal cells and 
these, m turn, replaced by mucoid cells This gradient is discussed m relation 
to the concept that the chief cells are the most differentiated of the gastric 
glandular elements, and the mucoid cells the least differentiated It is suggested 
tliat in the adult stomach, as in the foetus, mucoid cells as v eU as surface cells 
are formed by mitoses in the necks of fundic glands, and that some of these are 
transformed into chief and parietal cells Intermediate cell tj'pes found in the 
neck zone of fundic glands and in the transitional region are described and 
illustrated 

4 It seems possible to distinguish tv o factors v Inch control the organization 
of the stomach one acts upon the general shape and disposition of the organ, 
the other influences the differentiation of the glandular epithelium These 
factors vork independently to produce the stomach pattern characteristic of 
each species 
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EXPLANATION OF PLATES 


Plate 1 


Fisa 1-3 Drawings of the stomachs of Eremilalpa, Stincus and Elephantulus rcspcctivdj 
Fiss 4-6 Drawings of median sagittal sections through the stomachs of hremitalpa, Sunnts aiul 
^ Elephantulus, indicatmg the disposition of the muscular coat and the diffi rent n gions of 
gastric mucous membrane ^ 

PXaATE m 


Fm 7 Glands of the fundus in Elephantulus The deeply stained chief cells are seen towards thf 
base of the glandular tubules Zenker formol, haematov-jlin and cosm / - >0 
Fig 8 Glands from the transitional region m Elephantulin showing 

Arrows mdicate mitotie figures between glandular and surface cpithehum Zenker formol. 

haematosylin and eoxin x 260 
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Fig 9 Pylono epithelium of Elephanhtlw, showing foveolae and simple mucoid glands charac 
tcnstic of both pylorus and cardia Zenker forraol, haemato-ryhn and eosm x 200 

Fig 10 The edge of the fundic region of Elephanlulus, showmg the deeply basophilic chief cells 
decreasing m number at the base of the glandular tubules towards the right of the field 
Panetal cells along with chief cells persist in the transitional region at the extreme right 
Zenker formol, haeraatoxyhn and eosm x70 

Fig U Surface cells'in Elephantulus, showing the accumulation of secretory granules m the apical 
portion of each cell Zenker formol, iron haematoxylin x 800 

Fig 12 Surface cells in Eremilalpa, showing the intensely staining mucus m the apical theca of 
each cell Bourn, iron haematoxyhn and mucicarmme x 800 

Plate 3 

Fig 13 Diagrammatic longitudmal section through the gastric mucosa of an Insectivore, indicatmg 
the relationship of those areas in wThich the different cell types are predominant 

Fig 14 Surface cells m Ehphantulus Bomn, iron haematoxylm x 800 

Fig 15 Surface cells m Eremttalpa Bouin, iron haematoxyhn and mucicarminc The theca stams 
intensely red x 800 

Fig 16 Surface cells m Sunevs Bouin, iron haematoxyhn and mucicarmme The luminal pole of 
the pole stams diffusely reddish x 800 

Fig 17 From a glandular tubule in Ehphantvhis Bouin, MaUory Refiractile zymogen granules 
m chief cells stam orange, basal chromidial substance blue, granules in panetal cells purple 
x800 

Fig 18 From the neck of a glandular tubule m Elephanlulus Bomn, MaUory C^oplasm of 
mucoid ceUs blue x 800 

Fig 19 A ccU from the neck of a fundic glandular tubule in Elephanlulus, intermediate m type 
between a true mucoid cell and a chief cell Bourn, Mallory Granules stam faintly orange, 
chromidial substance light blue x 800 

Fig 20 A cell intermediate m type between a mucoid ceU and a panetal ceU Bomn, MaUoiy 
From the transitional region in Elephanlulus x 800 
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THE EEEECT OE PRESSURE ON HERVE EIBRES 

By G causey, DepaHment of Anatomy, University College, London 

There is some evidence of fluid properties in the axoplasm of neric fibres 
(Young, 1945), and the changes taking place in the myclm substance durum 
degeneration suggest fluid behaviour of this also The present vork was under- 
taken to discover whether application of eiicumfcrential pressure to a section 
of nerve is able to displace axoplasm or myelin, as would be expected if 
these behave as liquids 

The effect of pressure on nerves has already been frequently investigated, 
^^p^rimentally and clinically, but most of the exiierimental observations lla^ c 
been concerned with the effects on conduction and the action potential The 
methods of application of the pressure in previous investigations can be 
divided into two classes (1) Those m which the nerve was cut and then 
threaded -through some constricting mechanism This method has been used 
by Meek & Leaper (1911), Erlanger & Gasser (1920) and Ilodgkm (1937) m 
studies of action potentials Weiss (1943) has adopted a similar principle m liis 
studies of regeneration, using arterial sleeves for union of the scveicd ncri'c 
ends (2) Those in which the nerve ivas left uncut and prcssuic apjihed 
laterally by (a) a wash-leather bag filled with mercury (Mitchell, 1872, Denny- 
Brown & Brenner, 1944), (6) a spring clip (Denny-Brown & Brenner, 19 ft), or 
(c) an air-inflated tambour (Bentley & Schlapp, 1043) These methods overcome 
the difficulties introduced by section of the nerve, but undci such conditions 
the pressure is not evenly distributed round the circumference of the nene 
and therefore the whole nerve bundle will tend to assume .in oval shape 
Two distinct problems present themselves for solution (1 ) To find a method 
of application of controlled circumferential pressure to a living nci vc (2) After 
application of the pressure to prepare specimens which bear a constant rclaf ion 
to the living fibre and from which it is practicable to make accurate measure- 
ments of the fibre diameters 


' METHOD 

The nerve to the medial head of the gastrocnemius (n o m ) of the rabbit ^\as 
used This is a small nerve bundle bound up mth the tibial nerv^c, from uhii li 
it can be dissected away to give an unliranched length of 3-4 cm (Aitkcn, 
Sharman & Young, 1947) It contains some 400 medullatcd fibres, of uliicli 
more than half have a diameter of over 10/t, the total diameter of the uliolc 
nerve is about 0 3 mm The rabbits cmplojed verc hcalthj adults, but no 
attempt was made to use only one breed, weight or si/c of animal 

The pressure chamber consists of a glass trough fused on to the end o a g ass 
tube (Text-fig 1) The breadth of the trough is 1 cm , and on each side is 
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a carefully smoothed groove 1 mm deep The ehamber is closed by applying 
a glass hd -nhich can be clamped on to it tightly by a rubber-covered screw 
clamp The glass tube is connected by rubber tubing, on which there is fitted 
a control clip, to a mercury manometer 

Under nembutal and ether anaesthesia the now is dissected carefully from 
the tibial nersx, and the latter is then cut across and drawn aside The biceps 
muscle is dmded across its fibres to provide easy access from the side, and to 
gis e ti\o long muscle strips winch can be laid o\ er the chamber and clamp to 
mmimize cooling and evaporation 

The possibility of appljmg a pressure m this way depends, of course, on 
finding a suitable seal to close the chamber vhere the nerve enters and leas es 
Vaseline becomes fluid at body temperature After trial of various other 
hydrocarbons and s\ axes success was achieved ss ith the use of sodium alginate 
gel (kindh supplied bj Alginate Industries, Ltd on the suggestion of Sir 
T Merton, F II S ) ^lade up v ith a small amount of v ater this substance v, ill 
resist pressure up to one atmosphere 

The chamber, filled v ith mercury, was smeared round its upper edge mth 
sodium alginate, and this gel v as put along the edge of the under surface of 
the glass hd also The chamber n as slipped under the nerve from the side and 



Te\t-fig 1 Drnnng of glass chamber with groores m which the nerve is placed 


the latter uas then manipulated so as to he in the grooves, and the hd was put 
in place and firmly clamped The nerve was placed at the bottom of the grooves 
to prevent adhesion to the glass cover, and the pressure was applied as quickl}' 
as possible after clamping dovm the hd, so that the mercurj flowed between 
the glass and the nenm before the latter adhered to the glass The mercurj 
thus surrounded the nerve on all sides The pressure employed varied betw een 
0 and 070 mm and was maintained for between 7 and 30 nun , the fixmg fluid 
w as then poured round the nerve and chamber w hilst pressure was maintained 
for a further 5 min The pressure chamber was then removed from the nerve, 
to allow access of fixative to the compressed region, and fixation w as continued 
111 sxht for a further 25 mm The whole length of the nerve was finally removed 
' m one piece and fixation completed by immersion m fixative for a further 24 hr 

FIXATION 

The histological aspect of the problem is to obtain preparations that shall hear 
a constant relationship to the fibres m the unfixed state Theoretically , any 
easilv standardized technique would do, but in order to obtain useful measure- 
ments, the slirinkage and distortion must be reduced as far as possible , it would 
be difficult to obtain significant results from badly slirunk nen es m fixation 
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as for instance with the use of Bodian’s fixative or other silver technique 
he fcondition of nerve fibres m the living nerve trunks is not certainly knoM n 
but from the appearances in freshly teased and in fixed preparations it is 
probable that the inner and outer edges of the myelin are perfect circles except 
near the nodes or near a Schwann nucleus The teclmique m uhich they most 
nearly approaeh this form is fixation in Flemming’s fluid, followed by 
embedding, sectioning and staining by the Weigert-Pal method (Gutmann 
& Sanders, 1943) A considerable proportion of the fibres appears round after 
this method (PI 1, fig i), nearly always, however, some of them assume an 
oval, or a polygonal or a crenated form Moreover, at the centre of the bundle 
a few fibres often show othei irregularities (PI 1, fig 2) dile to autolysis or 
some other change occunmg before fixation is complete 

The fixative used was a variant of Flemming’s fluid, consisting of 15 c c of 
1 % chromic acid, 4 c c of 2 % osmic acid and one drop of glacial acetic acid 
(Sanders & Young, 1946) A solution containing 1 c c of glacial acetic acid m 
20 c c , as used by Flemming in his original solution (Bakei, 1945), abolished 
all autolysis at the centre but gave marked crcnation of all fibres Complete 
absence of acetic acid, or less thamonc drop in 10 c c , resulted m failure to 
penetrate to the centre of the bundle and, therefore, in much autolysis The 
solution with one drop of acetic acid gave optimal results, but a further 
difficulty is that the solution is not very easy to standardize, and unless great 
care is taken varying results will be obtained The drop of acetic acid was kept 
uniform by using a standard bore pipette The osinic acid evaporates rapidly 
and diminution of the concentration of the osniic acid increases crcnation 
Nerves were examined which had been fixed for 24 hr m Flemming’s fluid that 
had been kept (1) in a carefully corked bottle sealed vith wax, (2) in a corked 
bottle with no wax seal, (3) in a bottle with neither cork nor vax, (4) in an 
open Petri dish Rapid evaporation of the osmic acid m conditions (3) and 
(4) led to both crcnation and autolysis, but no difference could be seen betv ecu 
(1) and (2) When, therefore, the nerve was fixed in sHu the hindhinb vas 
carefully padded underneath so that the muscles formed an elongated trough 
filled With Flemming’s fluid and the whole area was covered as far as possible 
to minimize evaporation Fixation tn situ only foi 1 hr was insufficient to 
give good staining of the centre of the nerve bundle 

After fixation the nerve was passed, without v ashing, through a senes of 
alcohols, placed m cedar-wood oil for 24 hr , then placed for 15 mm in a mixture 
of equal parts of cedar-wood oil, benzole and paraffin, embedded in paraflin, 
and cut transversely at 5 Sections taken at 2 mm intervals along t ic Icngt i 
of the nerve were stained by a modified Weigert method (Gutmann i aiu ers, 

1943) Differentiation Avas continued until the maximum contrast letwccn 

blue-black myehn and the background vas obtained 

The amount of slmnkage produced by these proeedures cannot be evaeth 
estimated Most of the shrinkage occurs during dehydration J' 

and not during the actual fixation (Rexed, 19«, Baker, tala) flic aim 



The effect of -pi essiiie on nerve fibres 265 

throughout the preseqt e's.penments has been to keep the conditions under 
'sihich the specimens ■were prepared absolutely uniform 
The sections chosen for measurement -were photographed directly on to 
bromide paper at a magnification of x 750 B\ using a combination of a 4 mm 
objectis e -wntli a x 8 ocular, the "ss hole ner\ e could be photographed on a smgle 
sheet of paper 29 x 24 cm Magnification w as checked before each set of 
photograplis by photograplung a micrometer scale 
Measurements All the myelinated fibres m each trans\ Crse section ha'v e been 
counted off into groups at 2/i mten'als (0-2, 2— i/i, etc) Wilde counting the 
photograplis doubtful fibres "were checked svith the microscope Small fibres 
ivith little mj elm ■would otherwuse be os erlooked and the larger blood s essels, 
which stam shghtly, might be mistaken for nerve fibres For the assessment 
of diameter of the ner\ e fibres a series of circles of diameter 2/i x 750, 4/t x 7 50, 
etc , ■« as accurately marked on a piece of perspe-v Each neiw^e fibre, as it w as 
allocated to its particular size group, w as pricked on the photograph b^ a needle 
attached to a mechanical counter (designed by Dr V Scotland) Bv niatclimg 
the circles of known size ivath the nerve fibres, the size of the latter could be 
determmed In this waj nen e fibres that ere not perfectly circular could 
also be classified All the sections m a gi\ en experiment ■w ere counted b^\ the 
same person in order to elimmate the xariation of assessment by different 
/ individuals 

The results of a count have been expressed as a fibre size distribution, and 
by the root mean square diameter (Sanders & Young, 1946) which will be 
referred to as D This smgle figure gives an excellent guide to the relative size 
of the fibres m different sections, but must be used mth care in the case of the 
X G M because of the marked bimodahty of the distribution 
Controls E'xpenments were carried out to compare fibre number and fibre 
size (1) on the two sides of the same rabbit at three comparable leiels, (2) at 
different le^v els m the same neiwe, (3) at different levels m the same nen e when 
the nerve was put in the pressure chamber but no pressure applied 

Table 1 The fibre number and root mean square diameter {D) at three levels of 
the left and nght nerves to the medial head of gastrocnemius of four rabbits 


Rabbit 

Fibre no 

a. 

Fibre no 

A 

Fibre no 

A 


D 


D 


D 




t 

Left 










no 

Left 

Right 

Bight 

Left 

Right 

Left 

Right 

Left 

Right 

Left 

Right 

742 

268 

281 

272 

284 

203 

291 

13 0 

12 3 

12 7 

12 2 

12 7 

12 6 

743 

362 

359 

352 

368 

358 

363 

114 

11 0 

11 1 

11 0 

11 1 

11 0 

744 

353 

355 

352 

350 

351 

369 

12 3 

12 1 

12 5 

11 9 

12 5 

12 2 

745 

381 

375 

380 

377 

385 

377 

114 

113 

114 

114 

112 

11 7 


-V ' " , ' ' , ' ' , ' ' , ' ' y ' 

Higt Slid Low High Xlid Low 

Mean difference between sides (1) fibre no =8, (2) D=0 3/i Mean difference between levels 
(1) fibre no =5 5, (2) D=0 17/t 

Table 1 shows the fibre number and D at three levels, high, mid and low m 
the left and right ■v g ii of four untreated rabbits The i anation of fibre 
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number between opposite sides shows a mean of S fibres and the vaantion m 
D between opposite sides a mean of 0 3/i Between different IcacIs of the 
same side the mean differenee of fibre number is 5 5 fibres and tlic mean 
difference of D, 0 17/i In no case was the difference betnecn tlic fibic dis- 
tribution between levels significant Eccles & Sherrington (1030) have slionn 
that there is a change in the fibre numbci and swe along the gastrocncinuis 
mediahs nerve in the cat, but their figures verc based on sections o^cr (he 
whole length between 0 6 and 6 cm from the muscle The present cxpcnmciKs 
were carried out on 3 or 4 cm of the n g sr The figures demonstiatc that n hilsl 
there is a small but significant variation between the tno sides, tlicre is no 
variation either in fibre number or fibre size over tlic length of nerve used in 
these experiments, within the limits of accuracy of our deleimmalions n liicli 
are about 1 5 % 


Table 2 The fibie manhei and loot mean squat e dtametet {D) at ihci Inuls of 
the neive to the medtal head of gasltocncmuis fwm font lahhtts The iiirvt 
was put in a chamhet with meicuiy and scaled but no jnessine was applied 


Rabbit no 

Fibre no 

Fibre no 

Fibre no 

D 

D 

D 

726 

Above 356 

At 360 

Below 364 

Aboic 12 5 

At 12 6 

Bdov 12 8 

728 

384 

378 

378 

11 5 

11 5 

11 5 

822 

351 

346 

363 

12 9 

111 

13 1 

823 

436 439 439 13 2 

Moan difference between levels (1) fibre no =5, (2) D 

1) 

o 

13 0 


Table 2 shows the fibre number and D of four nerves whicli were imt m the 
jDressure chamber ^vlth sodium alginate seals, but v itliout the ajiphcation of 
pressure The mean difference in the fibre number between levels is 0 fibres 
and the mean difference of Z? is 0 17/t The difference m fibre distribution did 
not become significant at the 5 % level 

Besults PI 1 shows sections of two nerves (fixed and stained as described 
above) taken above, below, and at the site of pressure which in the case of 
no 752 Avas 560 mm Hg for 10 mm and in the case of no 770 150 mm 
for 10 mm At the site of pressure there Avas a marked diminution of tlic arc.i 
contained Avithm the perineurium Planiinctric measurement of tlic total 
area of the nerve bundle shoAved an average diminution of 23% of (he 


total area of the nerve bundle for all pressures of 80 mm and o\cr, and an 
average variation of only 4 6 % for pressures of 80 mm or less 

A considerable proportion of this diminution m size of the nholc ncric is in 
the tissues betiveen the myelmated nerve fibres, the interstitial area 'I’Ik 
tissues m this area are not stamed by the Weigert technique except lor the n alls 
of the larger blood vessels In addition to the blood vessels this interstitial 
area contains the endoneurial spaces and endoncurial fluid, the comiectiAc 
tissues and smaU unmyelinated nen^c fibres It seems probable that ic 
marked diminution in this area is due to the expression of blood and endoncurial 


fluid 
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The effect of pressure on neivefibies 

At pressures abo^ e 80 mm the fibres tend to pack hexagonallj , suggesting 
that the pressiu-e outside is now greater tlian that w ithin the fibres The fibres 
at the edge of the ners'e bundle tend to be more deformed than those at the 
centre, this is the beha%aour to be expected of a number of narrow compressible 
tubes in a compressible em elope 

The actual size of the mj elinated ner\ e fibres wnthin the compressed region 
was compared wnth the size of the fibres at a similar level in an unoperated 
nerve of the opposite limb In Table 3 the results of the experiments on 
15 rabbits are tabulated, the pressure applied varv'ing from 45 mm Hg to 


Table 3 The root mean square diameters {D)from three leteh of notes of fifteen 
rabbits after the nerve had been subjected to local pressure varying from 
45 to 670 mm Hg, and from controls 


Fabbit 

Pressure 

Time 

D above 
Bite of 

D '\t 
site of 

D below 
site of 

D 

jD control D above D below 
minus D mmus D minus D 
at site of at site of at site of 

D below 
minus D 
above site 


no 

(mm Hg) (mm ) pressure pressure pre'^surc control 

pressure 

pressure pressure of pressure 

X*of 

(1) 

(3) 

(3) 

(4) 

(5) 

(0) 

(7) 

(8) 

(9) 

(10) 

(11) 

col 11 

823 

45 

10 

13 2 

13 2 

13 5 

13 2 

00 

00 

+ 03 

+ 03 

17 (7) 

'794 

50 

10 

11 2 

117 

11 1 

12 2 

+ 0 5 

-0 5 

-06 

-0 1 

5(0) 

822 

75 

10 

13 0 

12 6 

12 7 

13 0 

+ 04 

+ 04 

■^01 

-03 

6 (7) 

538 

80 

10 

11 1 

9 5 

116 

112 

+ 17 

+ 16 

+ 2 1 

-r05 

77 (6) 

795 

100 

10 

117 

10 7 

118 

117 

+ 10 

+ 10 

+ 1 1 

+0 1 

11 (7) 

770 

150 

10 

10 8 

98 

112 

10 5 

+0 7 

+ 10 

+ 14 

+0 4 

13 (6) 

737 

250 

10 

131 

113 

13 4 

114 

+ 01 

+ 18 

+ 21 

+ 03 

12 (7) 

721 

300 

10 

12 5 

117 

13 0 

12 9 

+ 12 

+ 08 

+ 1 3 

+0 5 

27 (7) 

6G7 

370 

30 

12 5 

115 

13 0 

119 

+ 04 

-rlO 

+ 1 5 

+0 5 

18 (8) 

578 

475 

7 

12 0 

113 

12 2 

12 3 

+ 1 0 

+ 07 

+ 09 

+ 02 

22 (8) 

709 

500 

8 

14 5 

13 0 

14 0 

13 9 

+ 09 

+ 1 5 

-rlO 

-05 

16 (6) 

710 

500 

8 

12 4 

113 

12 6 

121 

+0 8 

-rl 1 

-rl3 

+ 02 

27 (7) 

7o2 

560 

15 

12 0 

10 5 

12 0 

11 6 

+ 1 1 

+ 1 5 

+ 1 5 

00 

8 (7) 

o82 

570 

10 

14 7 

13 9 

14 8 

13 9 

00 

-r0 8 

+ 09 

T-0 1 

38 (8) 

586 

670 

10 

13 7 

11 7 

14 4 

12 7 

+ 1 0 

+2 0 

+2 7 

+ 07 

39 (8) 


670 mm Hg The duration of application of pressure m the majority of cases 
was 10 mm and no experiment has been mcluded m which the pressure was 
maintained for 5 mm or less The root mean square diameter at the site of 
pressure and of the control nerve are shown m cols 5 and 7, and the difference 
betw een them m col 8 It wall be seen that at pressures of 80 mm and o\ er 
diminution of D was recorded at the site of pressure m all experiments except 
one The anomalous experiment may be explained by the difference in D 
between nerves of the two sides, the average difference being 0 3/i As lias been 
shown above, comparison of the compressed region wnth other parts of the 
same nerve gives a more accurate interpretation The mean difference betw een 
the compressed area and the control side is 0 80 + 0 44/i 
Cols 0—11 of Table 3 show the differences in diameter along the compressed 
nerve The fibres are smaller in the compressed region than thev are either 
above or below (cols 9 and 10) To test the significance of these differences the 
hv-pothesis was set up that the frequency distribution of fibres m each size 
group was the same at the various lev els Apiilication of a x~ test then showed 



G Causey 


268 

*7 

Tk ‘he hypothesis at the I "/„ level v hen 

t le fibre distributions above or beloiv were compared with those at tlic site of 

pressure By osmg a x' test the difficulty of the statistical treatment of 
a Dimocial distribution was overcome 


The differences in the diameter above and below tlie site of pressiiic (col 1 1 ) 
show that m ten out of twelve experiments with pressures of 80 mm and over, 
U was greater below than above the compressed region In one case ihc 
measurements were equal and m one case the diameter below iras less than that 
above As before was calculated foi the distributions of fibre sizes above and 
below the site of pressure in each experiment, the values are shown in col 1 2 
Avith the degrees of freedom in parentheses Most of the individual ^‘alucs arc 
significant on the 5 % level but not all However, the total is 292 a\ itli 79° 
of freedom for the experiments -with pressures above 80 mm Since the 
probability of finding such a high value of x" Js very low (less than 0 0001 ) wc 
may conclude that the fibre sizes are larger below than above the aica of 
pressure 


DISCUSSION 


From the figures given it is clear that m the case of the nervus gastrocncmii 
mediahs of the rabbit a pressure somewhere between 50 and 80 mm llg begins 
to cause fluid to pass from the compressed part to the adjacent parts, both 
from the nerve fibres and the ‘interstitial area’ Fluids moved by such small 
pressures cannot have a very great viscosity As soon ns pressures of 80 mm 
were reached the movement of the fluid m the fibres lose to a maximum and, 
except for individual variations, remained relatively constant up to G70 mm Ilg 

Is it the myelin or axoplasm which is pushed out of the compressed fibres? 
Light IS shed on this question by a consideration of the form of the myelin 
sheath m the compressed region It Avill be seen that the myelin loses its 
circular outline Avhen it is compressed, and assumes an outline which can be 
explained in part by the packing of the fibres, but an infolding of the mychn 
sheath also occurs A possible explanation of these changes is that the myelin 
sheath, not being elastic, aviII fold rather than contract on the diminishing 
column Avhich it has to contain The myehn has not been measured separately, 
but there is no obvious change 

If the increase in fibre diameter above and beloiv the site of pressure is due 
to axoplasm being expressed, then it is difficult to reconcile this movement 
with the presence of any histologically demonstrable membrane as suggested 
by von Muralt (1947) 

The relative fibre size below and above the site of compression, shoun in 
col 11, Table 3, points to a tendency for the expressed fluid to floA\ to the 
peripheral rather than to the proximal side The differences arc small, but 
cumulatively they are significant variations in the fibre diameters They can 
be explained on the assumption that there is a small turgor pressure acting 
from the nerve cell body (Young, 1944) in a peripheral dirfcction, that voiild 
tend to counter the pushing of the axoplasm toiv ard the ce o y 
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SUMMARY 

1 A method is described by ii hich circumferential pressure can be applied 
to a nen^e by inimersing it in mercury and assessing the alterations in 
mj ebnated fibre size bi measurement of photogiaphs of transverse sections 

2 No evidence of the tapermg of the nerve fibres v as found m the length 
of unbranched nenm used in these e-vperiments 

3 At the site of compression the uliole nerve decreases in diameter on 
account of a large reduction m endoneurial fluid and a smaller reduction in the 
diameters of the nen c fibres 

4 There is an increase in the diameter of fibres above and below the site 
of compression at pressures of 80 mm Hg, and over 

5 The mcrease of diameter is greater below than above the compressed 
region, as would be expected if the cell body exercises a turgor pressure along 
the fibre 

I wish to thank Prof J Z Young for his advice, and Dr Palmer for her 
assistance, Mr D ShoU for his advice on statistics, 'Mr F J Pittock and 
Jlr T Armstrong for photographs and Mr J B hlamer for technical help 
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EXPLANATION OF PLATE 

AH figures are of transverse sections of the nerve to tlic medial licad of gastrociiciiiiiis of the 
rabbit, stamed Weigert Pal stam 

Fig 1 Rabbit no 762 Section taken above the site of apphcation of pressure of 600 niiu Hg 
for 10 mm i 

Fig 2 Rabbit no 752 Section taken at the site of application of pressure of 6G0 nini for 10 nun 
Fig 3 Rabbit no 752 Section taken below the site of application of pressure of 600 nini for 
10 mm 

Fig 4 Rabbit no 770 Section taken above the site of application of pressure of 150 mni llg 
for 10 nun 

Fig 5 Rabbit no 770 Section taken at the site of apphcation of pressure of 160 mni for 
10 mm 

Fig 6 Rabbit no 770 Section taken below the site of application of pressure of 150 nun 
for 10 mm 
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The Neocortex of Macaca mulatia By G vox Bonin and P Bailey Blinois 
Jlonographs in the jNIedical Sciences, Vol v. No 4, 1947 (Pp 163, 
02 plates S 3 00 ) Urbana, lU The Unn ersitj^ of Blmois Press 

This monograph deals prmcipallj ivith one aspect of the morphology of the ceTebral 
cortex m Macaca mulatto, namely the cell laminae visible after stauimg ivith tluomn 
It IS part of an evtensii e m\ estigation mto the comparatii e histology of the prunate 
cerebral cortex, and, as such, is a y aluable contribution to the problem despite the 
inevitable difficulbes m mterpretation ■nhicli are partly teclimcal and partly' personal 
in ongin 

On accoimt of gross maccuracies m Brodmann’s publications the authors haxe 
reluctantly discarded Ins numerical notation in fa\ our of Economo s less famihar 
sy mbols They stress the absence of sharp diy’idmg hnes betueen the great majority 
of histologically separate areas, and produce a ‘bram map’ ivhich ehmmates many 
of the complexities existmg in the hterature They mention, in particular, the presence 
of three distinct y aneties of homotvpical neocortex in the macaque, frontal, parieto- 
temporal and occipitotemporal, and are impressed by the great simdanty m cortical 
organization bety\een the macaque and man, suggesting that there may be a 
‘structural pattern of cortical orgamzation’ common to the primates and eyen to all 
mammals 

It is not qmte clear yy hv a chapter on the growth of the bram is mcluded, especially 
as no details are given of the age or bram/body yveight ratios of the monkeys used, 
and the question of vanation in the pattern from bram to bram is not discussed 
Similarly , it yy ould hay e been valuable if the critena adopted for estabhslung the 
identity of the \anous layers in different regions had been explamed 

The irork is particularly y'aluable m that it calls m question the generally accepted 
cortical maps and, by pointing out the mherent lack of correlation between tins type 
of im estigation and the physiological findmgs, stresses the need for further research 
It IS to be hoped that the other morphological characters yyill be taken mto account as 
It IS only in tins ly ay that the significance and homologies of the laminar pattern can 
be assessed 

The authors are to be congratulated on a large senes of excellent photomicrographs 
yy Inch, together ynth a concise text, present the complicated subject m a form ii hich is 
readily comprehended G J hojiaxt:s 


OtganicFonnandRelaledBiologicalPiohlcms BySxyiUELj Holxies (^5 00 ) 
Berkeley and Los Angeles Unnersity of California Press 1948 

In this X olumc Prof Holmes has put together tyy cU e essay s dealing yyath x anous 
aspects of the problem of organic form, xyitli an introductory chapter xyliich, onlx 
too bnelly , siiniinanzes the mam arguments Many of the essays hax c already 
ippcircd elseuhere and, as a result, there is a certain lack of integration in the 
y olumc as a yyhole — yyhieh can reasonably be regretted m contributions deeply 
concerned yyith regulating mechanisms But if orgamc ysholcncss is lacking the 
X olumc does possess a continuous tram of thought, mechanistic and stronglx anti- 
telcological, relating to the problcin of hoxx organisms, and more particularly 
dex eloping organisms, ‘ arc able to regulate their actix ities so as to correct departures 
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from the normal course of living’ If one is left, after reading the a olume, v ith some 
sense of mental mdigestion it is doubtless due to too much liaMiig been atlcniplcd 
in too httle space Most of the chapters could easily justify expansion to full a oliiine 
size Opinion, according to taste, knoAidedge and inclination, awII naturalU a ar\ on 
the relative importance of the different chapters Tlic rcAicAAcr found most enlighten- 
ment m the one called ‘Genes versus Gradients’ in aaIucIi Child’s a'icaas on gradients 
are subjected to a most couAuncing criticism The last chapter — ‘Recapitulation and 
its supposed causes’ — is an mterestmg historical account of the part jihiAcd Iia 
phylogenetic history m shaping the course of ontogeny 

The most serious lack m Prof Holmes’s approach to the problem concerned is, 
curiously, one common both to Aiorks, like the present, devoted to the mechanistic 
interpretation and to those Aiath a markedly vitahstic bias That is, a refusal to face 
the problem of teleology as a A\hole Most contemporary biologists amU be in com- 
plete agreement vith Prof Holmes on A\hat Santayana has so a\c11 called a ‘mock 
explanation’ Nevertheless, the teleology present in the a\ orld must be distinguished 
from final causes AVoodger, Avhose statement of the problem is so cogent, but aiIio 
IS, surprisingly, ncA^er quoted by Holmes, has summarized the situation adimrahh 
{Biological Principles, p 451) ‘the only real danger to be feared lies in being loo 
easily satisfied AA’ith the belief that the last AA'ord has been said on this topic ’ 

J D Boaj) 


OBITUARY NOTE 

We have just heard AVith great regret of the death m Dublin of Professor 
J K Jamieson A notice In Memonam a\i11 appear in our next issue 
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